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Abstract 
Two ab initio studies are presented herein. The first is of the addition of successive 
water molecules to the amino acid L-alanine in both the neutral and zwitterion forms. 
The main focus is on the number of water molecules needed to stabilize the 
zwitterion form, and how the solvent affects conformational preference. The solvent 
is modeled by ab initio, EFP (Effective Fragment Potential), and the isotropic 
dielectrics PCM (Polarizable Continuum Method) bulk salvation techniques. The 
EFP discrete salvation model uses a Monte Carlo algorithm to sample the 
configuration space to find the global minimum. The study is undertaken at the EFP2 
(General Effective Fragment Potential), RHF (Restricted Hartree-Fock), OFT 
(Density Functional Theory), and MP2 (M0ller-Plesset) levels of theory with a 6-31 + 
+G(d,p) atomic basis set. A Second study is presented of substrates for a 
pentameric ligand gated ion-channel, or Cys-loop receptor, which mediate chemical 
signals across the cellular membrane. Blocking specific signaling receptors may 
induce death in agricultural pests such as nematodes. Many biological signaling 
proteins have inter-membrane domains that cause difficulty in obtaining an x-ray 
diffraction structure. Further, those that have been elucidated with x-ray diffraction 
studies are static structures that do not capture the structural dynamics. Since there 
is a known set of competitive binding molecules, an ab initio study of the competitive 
binding molecules was employed. From this study one may be able to design new 
competitive binding molecules that will mitigate resistance to current methods of pest 
control. The ab initio methods include M0ller-Plesset second order perturbation 
theory with the 6-31 G(d,p) basis set, adding diffuse functions when solvents are 
used. The solvent model employs a discrete ab initio and effective fragment part 
along with the polarizable continuum method. A thorough understanding of the 
geometries and electron densities of known substrates can lead to the design and 
synthesis of competitive inhibitors that could improve crop yields and animal health. 
Calculations have been performed with the GAMESS (General Atomic and 
Molecular Electronic Structure System) suite of programs. 
VI 
1 
Chapter I. General Introduction 
I. Organization 
This thesis contains three chapters and a General Conclusions section. Chapter 1 
introduces to the raison d'etre of the research conducted and a background on many 
of the methods employed therein. Chapter 2 focuses on the study of alanine and 
how it is affected by solution. Chapter 3 explores the substrates of an 
intetmembrane protein in an attempt to predict binding and as a means for testing 
novel pharmacological compounds. 
II. General Overview 
Solution phase chemistry is at the basis of all life. When we look at biological 
systems we must consider the interactions of water with the solute. The two studies 
contained herein both consider how the effects of water on the solute change the 
chemical properties of the solute. Both discrete and continuum models of solution 
are explored to help quantify when each are useful, and when they are not needed. 
The discrete method employs Monte Carlo simulations to sample the solvent 
configuration space. For alanine we will be exploring with discrete salvation the 
transition from neutral to zwitterion form and finally to a full solvation shell. In the 
agonist study we delve into what properties of the agonist allow them to be effective. 
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Ill. Theoretical Methods 
This section will address the need for a concise overview of the theoretical 
background on the methods employed in the following studies. 
Illa. Schrodinger Equation 
Since electrons display both wave and particle characteristics, they must be 
described in terms of a wavefunction, 'I' . The time-dependent Schr6dingers 
equation postulates that the state of 'I' will change with time as 
H( )ui( )- ·J. d'l'(r,t) r,t r r,t - zn dt 
where H(r,t) is the Hamiltonian operator, i is (-1 )1'2 , and ti=...!!:_ 
2n 
(1) 
A simplification of these procedures is available when the the time variable is 
separable from the spatial variables. This may be expressed for our purposes as 
the potential energy of the system being time independent. This simplification, that is 
used in most electronic structure methods, is the time independent Schr6dinger 
Equation 
H'I' = E'I' (1-5) (2) 
The Hamiltonian is composed of both kinetic (T) and potential (V) energy for 
all particles 
" A A A A A 
H = TN +Te + VNN + VNe +Vee (3) 
3 
A A 
where TN is the operator for the nuclear kinetic energy (KE), Te is the 
A 
operator for the electronic KE, VNN represents the nuclear-nuclear repulsive 
A A 
potential energy (PE), VNe is the nuclear-electronic attraction PE, and Vee is 
the electron-electron repulsion PE. 
Another common approximation in Quantum Mechanics is the Born-Oppenheimer6 
approximation. Since nuclei are -1800 times heavier than electrons, it is a good 
approximation that electronic motion will instantaneously follow the nuclear motion. 
Thi~ allows an electronic-nuclear separation of the Hamiltonian. Within the Born-
Oppenheimer approximation, the nuclei are assumed to remain fixed when one 
A A 
solves for the electronic motion (thus, TN= 0 and VNN is a constant) This allows the 
motions of the nuclei and electrons to be treated separately, due to the order of 
magnitude difference in their respective masses. The Schrodinger equation now may 
be written as 
H /R)'P /R) = E/R)'P e(R) (4) 
where He(R)is the electronic Hamiltonian given (in atomic units) by: 
(5) 
4 
where n is the number of electron, v; is the Laplacian operation for the ith electron, 
1iA and 1i1 are the distances between electron i and nucleus A, and between the ith 
and jth electron respectively. z A is the nuclear charge of the nucleus A. 
A further approximation is needed to deal with separation of coordinates in the rif or 
electron-electron repulsion term in eqn (5) This is done by using a mean field 
approximation in Hartree Fack theory(7-10l, in which each electron interacts with an 
average field representing all other (n-1) electrons. 
I/lb. HF (Hartree Fock) 
Hattree Fack theory has become the base level of most electronic structure 
calculations. This is due to its qualitative reliability and computational feasibility. HF 
is based on the independent electron approximation, in which the electronic wave 
function is given by an antisymmetrized product of one-electron functions (spin 
orbUals- V' ). Due to the antisymetry requirement (Pauli Principle) for electrons, the 
wavefunction is expressed as a slater determinant: 
l/f 1 ( e1 ) l/f 2 ( e1 ) 
1 l/f 1 ( e1 ) l/f 2 ( ez ) 
'Pe= (n!) 2 
(6) 
Where l/f; is the ith molecular spinorbital and e; is the ith electron. The variational 
principle when applied to eqn (6) leads to the Hartree-Fock equation: 
(7) 
where ft is the Fack operator , £; is the energy of the ith orbital l/f; . 
5 
The Fock operator depends on the orbital l/f; and therefore eqn (7) must be solved 
itetativly to self consistency. An initial guess of l/f; facilitates the process. This initial 
A 
guess is often done using Huckel theory(11,12). F is thus constructed and Eq (7) is 
used to define a new set of l/f; , which begets a new fr . This cycle is repeated until 
A 
the orbitals used to construct F are the same as those obtained from solving Eq (7). 
As analytical solutions are preferred to numerical, it is the expression of l/f; as a 
Linear Combination of Atomic Orbitals (LCAO) (13l that facilities an analytic solution. 
(8) 
where the Cµ; are LCAO coefficients, and the Xµ are atomic orbitals( basis 
functions). An infinite basis set limit gives the exact HF wavefunction and energy. 
However, since one usually uses a finite basis set the LCAO approach is an 
approximation.These atomic orbitals Xµ are usually expressed as a linear 
combination of Gaussian functions: 
(9) 
where NP is a normalization constant l,m,n are integers, and ap is a coefficient which 
determines the size of the Gaussian function. 
Correlation of electrons does exist in the Hartree Fock method for electrons of the 
same spin. This correlation is due to the Fermi hole, or Pauli exclusion principle, 
which requires electrons of like spin to remain apart, however electrons of opposite 
spin are not correlated. Electron repulsion in HF is overestimated due to this lack of 
6 
electron correlation. The lack of electron-electron correlation of electrons of opposite 
spin results in an energy difference between the HF limit and the exact non-
relativistic value. This difference is often referred to as the correlation energy. 
There are many approaches to add correlation effects to the HF wavefunction. 
These include configuration interaction (Cl), perturbation theory (PT), coupled 
cluster (CC), and for short-range correlation effects density functional theory (OFT). 
Those methods which have been utilized in the present study will be discussed 
below. 
Ille.OFT (Density Functional Theory) 
Density functional theory(1 4l (OFT) is based upon the fact that the ground state 
electronic energy of a system can be described via the electron density. This is 
known as the Hohenberg-Kohn(15l theorem. It is attractive because the density p 
depends on three coordinates whereas the wavefunction depends on 3n coordinates 
for n electrons. The transformation of the electron density to any property including 
the electronic energy is unique, yet the exact form of such a density functional 
remains unknown. The great white whale(holy grail?) of OFT is to design a universal 
functional E[p] that expresses the energy as a function of the exact density. The 
most common approximation is based on the Kohn-Sham approach in which one 
constructs exchange-correlation functionals that are designed to mimic the exact 
exchange and correlation energies. There are three basic approaches to these 
functionals. In the local density approximation (LOA) the energy is dependent in 
terms of the electron density. In the generalized gradient approximation (GGA) the 
7 
energy depends on both the electron density and the density gradient. In hybrid 
functionals, HF exchange is taken to be a component of the exchange functional. 
Hybrid functionals are considered the best approach for chemical systems because 
they contain parameters that are fitted to reproduce heats of formation. This study 
employs the B3LYP(16,17l functional. This was chosen due to the popularity of this 
method among chemists. 
I/Id. MP (Moller-Plesset Perturbation Theory) 
Perturbation theory has been rediscovered(1Bl over the years, but this work is based 
upon the work of Moller and Plesset(19,20)_ In perturbation theory the correlation 
energy is described as a small perturbation on the Hamiltonian of the system. This 
may be described mathematically by defining the Hamiltonian in two parts: a smaller 
perturbed and unperturbed moiety. 
H = H<0 l +H' (11) 
The central assumption in PT is that the H' is much smaller than H<o) . In Moller-
Plesset perturbation theory the reference Hamiltonian H(o) is determined as follows: 
(12) 
Where fr is the Fack operator for electron i, while 1iJ and KiJ are Coulomb and 
exchange integrals, respectively. The perturbation H' is determined as the difference 
between H(o) and the exact Hamiltonian. 
A Taylor series is then employed to expand the energy and wave function. This 
expansion is then truncated at the nth order give the nth order perturbation. 
8 
EMPn _ E(O) + E(l) + E(2) + ... + E(O) 
- 0 0 0 0 (13) 
The following work discussed in this thesis will employ second order perturbation 
theory (MP2) in order to recover most of the dynamic correlation energy contribution. 
Ille. EFP (Effective Fragment Potential) 
The Effective Fragment Potential model has been implemented at the HF2S, DFT,26 
and MP227 levels of theory. This has been done using the EFP1 formalism, in which 
the exchange repulsion and dispersion terms contain fitted parameters and has 
been developed only for water. A general EFP2so implementation contains no fitted 
parameters and is therefore applicable to any species. The EFP1 method contains 
one electron potentials which are added to the ab initio electronic Hamiltonian of the 
solute. The first of these terms represents the coulombic (electrostatic) interactions 
between two fragments (EFP-EFP) or between a fragment and quantum mechanical 
molecule (EFP-QM), screened by a charge penetration function that corrects for 
overlapping electron densities. The second term represents induction (polarization) 
EFP-EFP or EFP-QM interaction. The third term is fitted to the water dimer potential. 
It contains those terms not accounted for in the first two: exchange repulsion, charge 
transfer and dispersion. The first two terms are determined directly from QM 
calculations on the monomer. The EFP1 formulation may be represented for an EFP 
solvent moleculeµ and a QM coordinates as follows: 
K L M 
Vel(µ,s)= _LvkElec(µ,s)+ _Lv,Pol(µ,s)+ ,Lv:em(µ,s) 
k=I l=I m=I (14) 
9 
The three terms on the right hand side of eqn (14) represent the coulombic, 
induction, and remainder terms respectively, where k,I and m are corresponding 
expansion points. 
The coulombic interaction is represented by a distributed multicenter, mulitpolar 
expansion3o (OMA) of the molecular density using mulitpoles through octopole 
moments at K=S expansion points for the water molecule (nuclear centers and bond 
midpoints). The OMA is a pointwise model, thus it cannot account for the overlap of 
the charge densities between two molecules, as they approach each other. 
Correcting for this quantum effect requires the coulomb potential to be multiplied by 
a distance dependent cutoff function (charge penetration term) which is added to the 
EFP-EFP charge-charge interaction 3o, and to the EFP-QM interaction. 
The polarization, or induction, interaction term in eqn (14) is treated by a self-
consistent perturbation model using distributed localized molecular orbital (LMO) 
polarizabilities. The molecular polarizability tensor is expressed as a tensor sum of 
the LMO polarizablilites, centered at the LMO centroids. For water, five such LMO's 
are used: 0 inner shell, two 0 lone pairs, and two 0-H bonds. The polarization 
energy is then calculated in a self consistent scheme, by updating the induced dipole 
as the QM density converges during the SCF cycles. 
The third term in eqn (14) consists of exchange repulsion, charge transfer, some 
short range correlation contribution(in the OFT version), and dispersion(in the MP2 
version). This term for the EFP-QM region is represented as a linear combination of 
Gaussian functions expanded at the atom centers. For the EFP-EFP interaction a 
single exponential is used and the expansion is done at the atom centers and the 
10 
center of mass, in order to better capture the angular dependence of the charge 
transfer contribution. The coefficients and exponents of the Gaussian and 
exponential functions were optimized, by fitting to 192 water dimer structures, 
chosen to represent a selection of water-water orientations and 0-0 distances. 
The generalized effective fragment potential (EFP2) method, which can be used to 
represent any molecule of interest, consists of the same energy terms. However, in 
EFP2 all terms are derived from first principles with no fitted parameters. These 
interactions include the exchange-repulsion(2s), dispersion(26) and charge transfer(2Bl. 
To date, the EFP-QM interactions have not been derived for dispersion or charge 
transfer. 
I/If.PCM (polarizable continuum model) 
For theoretical studies of condensed phase chemistry, continuum solvation models 
have been employed in various forms. (33-36) Continuum models treat the bulk solvent 
as a dielectric medium without distinct structure. This is different from discrete 
models like EFPs in which individual molecules are physically represented. Instead 
in continuum models a distribution of charges is used represent the bulk solvent. 
The Polarizable Continuum Model (PCM)(3?,3a,40) calculates this charge distribution 
using ab initio electronic structure theory. The solvent-solute interface is described 
by a set of interlocking spheres which are centered about individual atoms. These 
spheres are constructed of arbitrarily small interlocking geometric shapes (tesserae). 
Poisson statistics are then employed for each tessera, thus yielding an apparent 
surface charge (ASC) at the center of each tessera. Through parameterization of the 
11 
solute cavity, this model can generally reproduce experimental solvation energies to 
within a few kcal/mol.(40-44) 
In order to order to actually calculate the ASC a vector, q, is solved by the matrix 
equation: 
Cq=g (15) 
where the vector g is a function of the solute electrostatic potential vector, V, and C 
is a geometric matrix. Both g and C have different forms for different tessellation 
methods and different PCM formalisms. The implementation in GAMESS is based 
on GEPOL (4s-4a) which uses triangular tesserae. For the isotropic integral equation 
formalism PCM (IEF-PCM)3B the equations describing C and g are: 
( )-!( ) A t: + 1 A -I -I C= --D ---D A SA 2 t:-12 
g=-V 
Where: 
LI -a Ll .. =0 ~i - ''11 
a.a. 
s .. =I , J ~ lj - -1 
sii = 1.07a;\f4na; r; - rj 
(16) 
(17) 
(18) 
(19) 
(20) 
12 
where r;, ai ,ii1 [\ and are, respectively, the center, area, orthogonal unitary vector, 
and the sphere radius for tessera. 
/Ilg.MC (Monte Carlo) 
The Monte Carlo methodology employed was a metropolis sampling method. (49,50J 
Monte Carlo causes one or more of the coordinates to be displaced in a random 
manner then evaluates the energy of the displaced system. Acceptance of this 
geometry is guaranteed if the energy is lower than the previous geometry, while 
those geometries with a higher energy are accepted at a probability determined by 
the Boltzmann factor: 
(-E({r, })!kBT) Probability= e 
where ks is the Boltzmann constant and T is the temperature. 
(21) 
This tends to select for energies that are only slightly higher than those in the 
previous steps. A further construct allows for the temperature to decrease 
systematically from some initial value. A high initial temperature allows for greater 
freedom in exploring the potential energy surface while the successive steps down in 
temperature should find the low energy structures. This method is known as 
simulated annealing. (50-52l A local minimization procedure may be used intermittently 
that causes the Monte Carlo to jump from local minima to local minima. This is 
referred to as basin hopping. (52) 
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Chapter II. Alanine: Then there was Water 
A paper to be submitted to Journal of Physical Chemistry 
Jonathan Mullin, Mark Gordon 
I. Abstract. 
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An ab initio study is presented of the addition of successive water molecules to the 
amino acid L-alanine in both the neutral and zwitterion forms. The main focus is on 
the number of water molecules needed to stabilize the zwitterion form, and how the 
solvent affects conformational preference. The solvent is modeled by ab initio, EFP 
(Effective Fragment Potential), and the isotropic dielectrics PCM (Polarizable 
Continuum Method) bulk salvation techniques. The EFP discrete salvation model 
uses a Monte Carlo algorithm to sample the configuration space to find the global 
minimum. The study is undertaken at the EFP2(General Effective Fragment 
Potential), RHF (Restricted Hartree-Fock), OFT (Density Functional Theory), and 
MP2 (M0ller-Plesset) levels of theory with a 6-31 ++G(d,p) atomic basis set. 
Calculations have been performed with the GAMESS 
(General Atomic and Molecular Electronic Structure System) suite of programs. 
II. Introduction 
Alanine is one of the 19 amino and one imine acids that are the naturally occurring 
basic building blocks of proteins. A basic understanding of phenomena associated 
with alanine and other amino acids is essential to understanding the complexity of 
proteins, their folding and interactions. The model of alanine in solution is useful for 
exploring the flexibility of small amino acids, so it has been studied experimentally 
17 
and theoretically.(1-29l Amino acids in the gas phase predominate in the neutral form; 
however, when placed in aqueous solution the zwitterionic form is more stable.(1-4·27l 
The study of amino acid salvation can employ various methods, both discrete and 
continuum. Previous studies of continuum models treated the solvent as a 
polarizable medium(12-20) . The common continuum methods are based on the 
polarizable continuum method (PCM)(30-32l , self consistent reaction field (SCRF) or 
Onsager cavity model(33l, Salvation Model 5 (SM5)(35), COSM0(36l, and salvation with 
volume polarization (SVP)(37) . Advantages of the continuum model are speed, 
simple calculations, and prediction of bulk properties with reasonable accuracy. 
However, these methods are sensitive to the parameterization of the cavity size and 
shape that surrounds the solute. Further, continuum models do not describe 
important electronic effects well. Systems that form hydrogen bonds between solute 
and solvent cannot be described by the continuum models, since they do not include 
explicit solvent interactions. 
The discrete methods treat each solvent molecule explicitly. This approach accounts 
for intermolecular solute-solvent interactions. Common implementations include ab 
initio quantum mechanics (QM), which becomes computationally demanding quickly, 
and quantum mechanical/molecular mechanics (QM/MM) hybrid methods. These 
QM/MM methods reduce the computational demands by orders of magnitude. One 
such method is the effective fragment potential (EFP) method for water(38-42l. The 
original, Hartree-Fock based method, contains three energy terms: coulombic, 
induction/polarization, and charge transfer/exchange-repulsion for both solvent -
solvent and solute - solvent interactions. Charge penetration is included, accounting 
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for the pointwise nature of electrostatic expansion. The first two terms are 
determined based on ab initio calculations on the water monomer. The third term is 
fit to a quantum mechanical water dimer potential. Three methods have been 
derived: Hartree-Fock (EFP1/HF) (39,42l, Density Functional Theory (EFP1/DFT) (43-45) 
which includes short range correlation effects, and a second order M0ller-Plesset 
perturbation theory (EFP1 /MP2) which includes dispersion effects and a second 
order correction to polarization. The latter method is still in development and was 
not utilized. A general effective fragment potential model (EFP2) has also been 
developed. This method does not require any fitting and is applicable to any solvent. 
Both EFP1 and EFP2 have been used in this work. 
One complication with a discrete salvation model is the large number of degrees of 
freedom that arise as one adds successive waters. Many minima must be sampled 
in the configuration space. To accurately capture the full configuration space a 
molecular dynamics or Monte Carlo (MC) method must be used. 
Most earlier studies have focused on glycine (H6l, the simplest amino acid, and the 
characterization of both the neutral (NE) and zwitterionic (ZW) form. This study 
continues in the same vein, but with alanine being the amino acid solute. Alanine is 
the simplest amino acid to exhibit chirality because it has a methyl group as a 
subsitituent. The crystal structures of alanine show that it forms the zwitterion 
species when crystallized in water(46.47l. The use of crystal structures as a basis for 
aqueous salvation geometry is generally accepted. (4a-5o) 
Previous glycine studies 
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The earliest computational studies of amino acids focused on glycine and the 
relative energies of the neutral and zwitterion structures in the gas phase (1 •2·3) and 
solution (4). This showed that the zwitterion is not a minimum in the gas phase, but 
rather undergoes proton transfer to yield the neutral structure. 
Previous studies on glycine using continuum methods have shown that the 
electrostatic solute-solvent interactions stabilize the zwitterion relative to the neutral 
form The addition of electron correlation energy to the QM part further stabilizes the 
zwitterion form(15,16), so that it becomes lower in energy; the lowest energy neutral 
species has a form that is well positioned for intermolecular proton transfer. 
Previous discrete studies of glycine focused on a small number of water molecules. 
(24-27) A single water will stabilize the ZW glycine at the RHF level of theory, but not 
when electron correlation is included with MP2. It is necessary to have two waters 
before the ZW form becomes a local minimum at the MP2 level of theory.(5) 
Supermolecular complexes have also been studied using OFT (12l and the OFT+ 
Onsager(13) model with no mention of configuration sampling. Monte Carlo 
simulations with a molecular mechanics force field have been employed to sample 
the configuration space. Structures were then optimized with QM semi-empirical 
methods(14l This study found that the zwitterion form was more stable at 7 and 15 
waters in a self-consistent reaction field. A three layered model combining the 
effective fragment potential and either Onsager or PCM models has been explored 
(15.16) In the first study EFP waters were used in a structure taken from a molecular 
dynamics calculation, and then optimized. The second study used MC with local 
minimization to find structures. Similar approaches have been employed using 
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TIP3P waters.(9l The three layered approach predicts the ZW to be lower in energy 
than the NE when a reliable continuum model is used. (9,1s,rn) 
Previous Alanine studies 
Previous studies of alanine have examined the gas phase structures(29) and found 
the energy difference to favor the neutral. Continuum studies using PCM and the 
B3L YP(44,4s) functional show the ZW to be lower in energy than the NE. Discrete 
solvation with a small number of waters has also been explored. A triple proton 
transfer mechanism was proposed for three waters to connect the ZW and NE (23l. A 
large number of discrete waters based on the TIP3P model have also been used 
with MD. This study concluded that a large number of water molecules is needed to 
solvate the methyl group.(28) Additionally there was an investigation with a three layer 
model employing the Onsager reaction field continuum and B3L VP water(2s.a) 
concluding that 9 waters was not a complete solvation shell. 
The present work examines the crossover from neutral to zwitterion as the number 
of water molecules is increased. More quantitatively, it is of interest to determine how 
many water molecules are necessary to converge to the experimental ZW-NE 
alanine energy difference in aqueous solution. The use of 
both discrete and continuum solvent models will elucidate the effectiveness of both 
approaches. 
Ill. Computational methods 
The two major forms of alanine (Figure 2.1 and 2.2) explored are the neutral (NE) 
and zwitterion (ZW). Starting structures for alanine were obtained from the crystal 
structure(46,47), with additional structures exploring torsion of the COO-, COOH and 
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NH3+, NH2 (ZW,NE) units, as well as the chirality of the chiral carbon atom. Other 
starting structures in the NE form allowed for rotation of the OH bond away from or 
towards the NH2 or CH3 group, depending on the torsion of the COOH group. The 
initial gas phase results for both chiral forms of neutral alanine (L, D) were obtained 
with restricted Hartree-Fock<51> (RHF) and M0ller-Plesset perturbation theory<52) 
(MP2) methods using the 6-31 ++G{d,p) basis set (53-55>. In order for the zwitterionic 
form to be stable, without discrete water molecules PCM must be used. The 
zwitterionic forms were found using RHF in PCM (RHF+PCM), employing the 6-31+ 
+G(d,p) basis set. The neutral structures were also obtained using RHF+PCM with 
the 6-31 ++G(d,p) basis set. 
Once the gas phase structures were determined, the discrete approach was 
employed to examine the effect of systematically adding waters. First, alanine (H20) 
n, n = 1-3, clusters were optimized at the RHF<49> and MP2 levels of theory with a 
6-31 ++G(d,p) basis set. The 1-3 waters were added manually in chemically sensible 
orientations. Each water was modeled by both ab initio and EFP1/HF waters when 
using HF for alanine, and by EFP1 /OFT water when using MP2 to describe alanine. 
For larger numbers of waters, manually choosing their placement is not efficient or 
effective, so the Monte Carlo(54-61> method was used to sample configuration space. 
These Monte Carlo simulations were carried out using EFP2 for both the solute and 
solvent. The molecular structures used to create the EFP2s were taken from RHF 
+PCM calculations. The ALA 1 L, ALA 3 L, ALA 5 L, and ALA 8 L (see figure 2.1) 
structures were chosen to explore the rotation of the carboxylic acid. Structures that 
related to rotation of the NH2 group was not explored. For the zwitterion the L form 
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as well as three ZW rotamers (45°, 90° rotation of the COO- group about the C-C 
bond, 120° rotation of NH3+ about the N-C bond). Monte Carlo with simulated 
annealing and local minimization was used to sample configuration space. For each 
of the global minima found, the number of structures sampled was on the order of 
300,000 - 500,000. The local minimization was done every 1 O or 100 steps. The 
number of steps taken for each temperature was varied(100, 500, 1000, 10,000). 
The number of fragments moved per step was also varied in the calculations, with 
six or more discrete solvent molecules moved simultaneously. From one to five 
fragments were moved during each successive step. The starting temperature for 
the simulated annealing run was varied from 300 to 10,000 K with the final 
temperature kept at 200 K. The MC code was also used to double check the minima 
found for 1- 3 waters. Both approaches found the same structures through 3 solvent 
molecules, at which point the MC technique was deemed effective and used 
exclusively. 
The ten lowest unique minima were selected for further investigation for each 
rotamer of alanine explored with each number of waters, n. Optimizations and 
hessians were calculated at the EFP2 level of theory. Single point calculations were 
done with QM alanine and the water represented by the (EFP1/HF) and (EFP1/DFT) 
methods. This method employs a set of one electron potentials that are added to the 
ab initio electronic Hamiltonian. 
The notation employed for the single point energies is alanine(water)//geometry. 
For example HF(EFP1 /HF)//EFP2 represents a single point energy calculation with 
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the alanine treated as RHF and the water as EFP1/HF calculated using an EFP2 
geometry. Single point energies were calculated using HF(EFP1/HF)//EFP2, OFT 
(EFP1/DFT)//EFP2 using the 83LYP functional, MP2 (EFP1/DFT)//EFP2 , and ALL 
MP2//EFP2 ALL MP2 means both the water and alanine were calculated using 
MP2. Optimizations starting at the EFP2 geometries used MP2 (EFP1/DFT) where 
alanine is MP2 and the water is (EFP1/DFT). Another single point was run at ALL 
MP2//MP2(EFP1/DFT) where the both the alanine and water were treated as MP2. 
Further, as new developments arose in the EFP2 theory (e.g. the implementation of 
a dispersion term (62l and a charge transfer term (63) ) the initial structures were re-
optimized. 
All calculations were performed with the electronic structure code GAMESS(64l, 
which is freely available from Iowa State University at www.msg.ameslab.gov. 
Structures were visualized with MacMolPlot(65l, a graphical interface to GAMESS. 
IV. Results 
Alanine 
The sixteen neutral alanine conformations found are shown in Figure 2.1 (L chiral Form) and 
Figure 2.2 (D chiral form). ALA 1 L, ALA 3 L, ALA 5 L, and ALA 8 L (see figure 2.1) 
were used in the MC simulations. These were chosen to explore the rotation of the 
carboxylic acid only. The ZW EFP2 and the conformational rotamers (45°, 90° rotation of 
the COO- group about the C-C bond, 120° rotation of NHs+ about the N-C bond) used 
in the MC simulations may be seen in Figure 2.3. 
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The L form of alanine is the biologically active form of the molecule, so this is the 
primary focus of the present study. A significant difference in energy due to the 
chiral structures was not found as can be seen in Table 2.1. While most of the data 
reported relates to L alanine, a fairly extensive study was conducted of 3-16 waters 
with the neutral species of D alanine. Table 2.2 shows that with the exception of 6 
waters, the L vs. D energy differences are within 1- 3 kcal/mol. The 6 water 
discrepancy may be that the D form was not fully explored. Only two conformations 
were sampled and not as many MC simulations were performed. It is not completely 
unreasonable to see an L form significantly lower in energy. 
Continuum 
The RHF+PCM continuum method predicts that the ZW is lower in energy with 
respect to NE species, however, this difference is,.., 1.0 kcal/mol. While qualitatively 
correct, the importance of including electron correlation has been shown in previous 
studies.(s,7)_ A MP2+PCM calculation would be useful to examine the correlation 
effects within the PCM model. The MP2+PCM interface in GAMESS is in progress. 
Alanine(H20)1 - 2 Figure 2.4, 2.5 
The addition of one and two waters produces low energy NE structures where the 
water interacts exclusively with carboxyl group. The lowest energy ZW form has a 
water bridge between the COO- and NH3+ in the global minimum even in the one 
water case. At the HF level, the ZW is stable; however at the ALL MP2 level of 
theory, the structures collapse via proton transfer from the NH3+ to the COO- group 
to form the NE structure for both one and two waters. EFP2 predicts the ZW to be 
lower in energy than the NE, in contrast to all other levels of theory (Tables 2.3-2.5). 
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The NE relative energies for all methods (Tables 2.3-2.11) all agree to within 1 kcal/ 
mol. The ZW relative energies all agree to within 1-3 kcal/mol. MP2 Clearly stabilizes 
the ZW relative to the NE, and, MP2(EFP1/0FT) re-optimization further stabilizes the 
ZW. However, with 1-2 waters ZW is predicted to be much higher in energy. Note 
that for both one and two waters, the ZW would collapse to the NE if the entire 
structure was fully optimized using M P2. In Table 2.1 O (optimization at M P2(EFP1 I 
OFT)) the trend of energies is not monotonic for n waters. These geometries when 
explored via single points with all waters and alanine treated as MP2 do show a 
monotonic trend. This suggests that the treatment of the water with electron 
correlation is essential for a proper description of the energy. 
Alanine(H20)a Figure 2.6 
At three waters the first NE bridged structure appears. This structure is the lowest 
energy NE structure. Each atom in the lowest energy ZW that is capable of 
hydrogen bonding (H-bonding) is now involved in an H-bond. At the ALL MP2 level of 
theory (both alanine and water), the lowest energy ZW isomer is now stable and 
does not undergo spontaneous proton transfer. Given that the ZW is stable with 
three waters, the geometry obtained with the EFP2 model potential should be 
qualitatively correct. Relative energies for OFT and MP2 agree at three waters. It 
appears the local correlation captured by OFT is sufficient to describe the relative 
energies for the three water complexes, since the largest deviation from MP2 is 1.0 
kcal/mol. MP2 (EFP1/0FT) re-optimization further stabilizes ZW, but the lowest 
energy ZW is still,.., 5 kcal/mol higher in energy than the NE global minimum. 
Alanine(H20)4 Figure 2.7 
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For four or more waters, the global minimum structure is determined using MC 
EFP2 configuration sampling. For n = 4, the waters in the NE system predominantly 
interact with the COOH group. In the ZW species, two waters cluster near the NH3+ 
moiety. The HF relative energies agree only qualitatively with OFT and MP2. The 
deviation between OFT and MP2 is ,..., 2 kcal/mol or less. MP2 re-optimization can 
have a significant impact on the relative energies. At this highest level of theory, the 
lowest energy ZW is,..., 5 kcal/mol above the NE global minimum. 
Alanine(H20)5 Figure 2.8 
Now, one water molecule interacts with the NE alanine at the NH2 group, in addition 
to many waters interacting with COOH. The single H-bond at NH2 continues until 
sixteen waters are added, with most waters clustered near the COOH group. The 
ZW global minimum has the water molecules interacting with the alanine charge 
centers, NH3+ and COO-. This is due to charge separation in the zwitterion that leads 
to stronger ZW-water interactions. All QM levels of theory still predict NE to be the 
global minimum. Both OFT and MP2 stabilize the ZW. After MP2 (EFP1/0FT) re-
optimization, the lowest energy ZW isomer is ,..., 4 kcal/mol above the NE global 
minimum. 
Alanine(H20)6 Figure 2.9 
The waters in the lowest energy NE structure interact with each other to form a sub 
structure along the alanine backbone. The six water ZW isomers begin to exhibit a 
chain of hydration along the NH3+ - COO- moiety. When correlation energy is added, 
the NE-ZW energy difference marginally favors the neutral. MP2 and OFT 
calculations for six waters agree within 1 kcal/mol. Both of these levels of theory 
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agree that NE is still very slightly lower in energy than the lowest energy ZW 
species. 
Alanine(H20)7 Figure 2.10 
The NE complex with seven waters exhibits a chain of hydration from the hydroxyl 
group to the amino group. Although HF still predicts NE to be the global minimum, 
for seven waters when correlation energy is added, the ZW becomes the global 
minimum based on OFT and MP2 single points and MP2 {EFP1/0FT) re-
optimizations. After geometry re-optimizations MP2 predicts the ZW to be - 4 kcal/ 
mol lower in energy. 
Alanine(H20)s Figure 2.11 
With 8 waters present, the amino acid backbone is increasingly solvated, although 
the waters still avoid the methyl group. The ZW with charge separation is more likely 
to hydrogen bond, and thus there are fewer water-water H-bonds than the alanine-
water H-bonds. The alanine -water H bond distances are generally shorter than the 
water-water H-bond distances in the zwitterion case whereas the opposite is true for 
the neutral species. If one considers a shorter bond length as indicative of bond 
strength, then this is consistent with the geometry of the NE vs. ZW. While HF still 
predicts NE to be the global minimum, OFT and MP2 predict the ZW to be lower by 
- 3-5 kcal/mol. 
Alanine(H20)1B Figure 2. 12 
The lowest energy 16 water structure still avoids methyl solvation, with significant 
water-water {"water droplet") hydrogen bonding. The ZW global minimum is more 
fully solvated, with some waters moving towards the methyl group. HF now predicts 
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the ZW to be lower in energy than the lowest energy NE form. The ZW global 
minimum is - 6 kcal/mol below the NE at the MP2 level of theory. 
Alanine(H20)24 Figure 2.13 
For 24 waters, both isomers have the alanine almost peripheral to a water cluster; 
however, the shape of the water is very telling about the interactions that cause this. 
The NE form has a triangular shape with the base formed by the NH2 and COOH of 
the alanine. The water clusters have many 5- and 6- membered ring structures that 
may be identified, giving credence to the idea that the water is really competing for 
H-bonds with alanine itself. The zwitterion has a similar structure but is less 
symmetrical, showing concentrations near the NH3+ and COO- . While the water 
clusters form 5-membered rings, they do so starting with COO- or NH3+ and do not 
create a compact form along the NH2/COOH backbone as in the NE. HF, DFT and 
MP2 all predict the ZW to be the global minimum, but as for smaller numbers of 
waters, DFT and MP2 stabilize ZW more. This emphasizes the importance of 
including electron correlation in these calculations. The energy difference is now -
13 kcal/mol. 
Alanine(H20)32 Figure 2.14 
For the 32 water case, the lowest energy NE may not be fully solvated however, it is 
now possible to find such a structure. The MP2 NE - ZW energy difference for the 
MP2 single points is either 16 kcal/mol for the fully solvated ZW structure or 15.2 
kcal/mol for the partially solvated EFP2 ZW global minimum. These two energy 
differences are very close, less than 1 kcal/mol, suggesting that EFP2 provides very 
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useful structural information. All levels of theory predict the ZW to be the global 
minimum. 
V. Discussion 
This study addresses the determination of the global minima for alanine as a 
function of the number of waters. The justification for using the EFP2 method to 
predict geometries is based upon the MP2 calculations of 1- 3 waters, which were 
subsequently compared to Monte Carlo/EFP2 geometries. EFP2 reproduces the 
MP2 structures, and the NE-NE and ZW-ZW relative energies. This agreement 
generally continues with larger numbers of waters, for which EFP2 structures agree 
well with those re-optimized with MP2(EFP1/DFT). However, the EFP2 NE-ZW 
energy difference is qualitatively incorrect , generally favoring the ZW species, even 
for small numbers of waters. 
The single point energy evaluations and MP2(EFP1/DFT water) re-optimization 
allowed the exploration of the correlation energy effect on the system. Tables(2.3 
-2.11) demonstrate that electron correlation changes the qualitative results 
dramatically. Tables (2.3- 2.5) are all optimizations using EFP2. Table 2.3 presents 
the EFP2 relative energies without the very recently developed dispersion and 
charge transfer interaction terms. The relative energies in Table 2.4 include the 
dispersion interactions and Table 2.5 includes both the dispersion and charge 
transfer terms. The additional terms do not change the qualitative EFP2 prediction 
that the ZW is consistently predicted to be the lowest energy structure. As shown in 
Table 2.6, RHF calculations at the EFP2 geometries (using RHF for the alanine and 
HF/EFP1 for the water) predict that the ZW remains higher in energy than the NE 
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until the 8-16 water range. The addition of correlation energy, with the alanine 
treated as OFT (Table 2.7) and MP2 (Tables 2.8- 2.11) predicts that seven waters 
are required for the ZW to become the global minimum. The NE-ZW energy 
difference varies by at most 1.5 kcal/mol in the 5 - 7 water range among all the MP2 
calculations, except for slightly larger differences for MP2 (EFP1/DFT) re-
optimizations. Thus, as noted above, EFP2 does capture the geometry correctly. 
Correlation energy is essential to correctly characterize the energy. 
Binding energies 
Boltzmann averaged differential binding energies, the energy associated with 
systematically adding one water, were obtained using the EFP2 hessians for all 
levels of theory. This is an acceptable approximation since it is likely that internal 
vibrational modes, ignored in the EFP method, do not change much as water 
molecules are added. A check of this approach was carried out for the lowest energy 
conformers (NE and ZW) for 3-5 waters with an optimization and Hessian in which 
the alanine and water were treated with MP2. The relative energies obtained after 
adding the zero point energy (ZPE) correction for EFP2 hessian to EFP2 geometries 
matched the MP2 ZPE corrected relative energies within 1 kcal/mol. 
Boltzmann averaged energies were calculated for each water cluster using the 
Boltzmann equation: 
LE;e-Lili,tRT 
; E 
--'L'=· -e-_-Lili-, I RT- = n 
i 
where Ei is the energy of the ith structure including a zero point vibrational 
energy correction. ~Ei is calculated by taking the difference between the 
energy of the ith structure and the lowest energy structure for a given 
n; T = 273 K. En is the Boltzmann averaged energy for all structures for a 
given number of waters, n. From this the total binding energy (Tables 
2.12,2.13) may first be calculated. 
Be(n>= E[ALA(H20)n]- n·E(H20) - E[ALA] 
where ALA = Alanine and n = 0-32. 
The differential binding energy is defined as the energy difference for 
the following process: 
~De= Be(n) - Be(n-1) 
where n = 0-8. The differential binding energies(Tables 2.14, 2.15) were 
calculated by taking the Boltzmann averaged energy for n and subtracting it 
from the sum of the Boltzmann averaged energy for n-1 plus the energy of 
one water molecule. The change in binding energies is of interest to study the 
convergence of the solvation shell. 
The differential binding energies shown in Tables (2.18-2.23) appear to be 
fluctuating. The NE differential fluctuates on the order of 4 - 12 kcal/mol, 6 -
16 kcal/mol, 8 - 17 kcal/mol, 5 - 13 kcal/mol, 5- 14 kcal/mol, 5 - 13 kcal/mol 
via EFP2, EFP2 with dispersion, EFP2 with dispersion and charge transfer, 
HF, OFT and MP2 respectively. The ZW differential binding energy fluctuates 
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on the order of 1 O - 17 kcal/mol, 1 O - 17 kcal/mo I, 13 - 20 kcal/mol, 7 - 1 O 
kcal/mol, 8- 12 kcal/mol, 8 - 15 kcal/mol, via EFP2, EFP2 with dispersion, 
EFP2 with dispersion and charge transfer, HF, OFT and MP2 respectively. 
So, all methods are in good agreement. This fluctuation in differential binding 
energies has also been observed, both experimentally and computationally, 
for the systematic addition of water molecules to small anions.(66l 
The first solvation shell first appears to form somewhere between 24 and 32 
waters. Starting with a fully surrounded structure for 24 waters, the MC 
always found the waters clustered on the COOH/COO- and NH2/NH3+ 
moieties of the alanine. With 32 waters there are structures found by MC that 
exhibit a fully solvated structure, including solvation of the methyl group. This 
fully solvated structure is not the global minimum for the zwitterion form with 
32 waters at the MP2 level of theory, but it will most likely become so with the 
addition of a few more waters. 
VI. Conclusions 
The generalized effective fragment potential does reasonably well capturing 
the geometry of the structures. The EFP2 method was designed to capture 
weak interactions whereas the partial charges on the alanine appear to result 
in preferential stabilization of the zwitterion relative to the neutral. The relative 
energies of zwitterions to each other or neutrals with to other agree well with 
the QM/EFP relative energies. 
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It is clear from this work that electron correlation is essential in order to 
capture the relative energy of the neutral vs. the zwitterions as a function of 
the number of water molecules in the system. This is apparent for both OFT 
(which includes some correlation effects empirically) and MP2. The 
continuum PCM method is in qualitative agreement with explicit Monte Carlo 
simulations in predicting that the zwitterion is lower in energy in solution. 
However, with the large impact the correlation effects have on the energy, it 
would be useful to know how well an MP2 calculation interfaced with PCM 
would reproduce experimental results. Upon the addition of correlation energy 
the ZW becomes lower in energy at seven water molecules. This is found for 
both OFT and MP2 single points at EFP2 geometries. 
Kwon, Kim and No(27l found heats of formation for the NE-ZW transition of 
25.0 and 25.6 kcal/mol for one and two waters respectively at the HF level of 
theory. Rzepa and Yi(14l found heats of formation formation for the NE-ZW of 
9.1, 5.6 kcal/mol for 7 and 15, waters with PM3 calculations; 14.8, 1.0 kcal/ 
mol for 7 and 15, waters with AM1 calculations. For aqueous solution they 
used a SCRF continuum model, with the PM3 and AM1 semi-empirical 
methods, finding heats of formation -7.4 and -2.9 kcal/mol respectively. The 
MP2/EFP2 NE - ZW energy difference( heats of formation) predicted for 32 
waters is -16.0 kcal/mol. The experimental value for ~HNE-zw for glycine is 
10.3 kcal/mol.(67l One would expect a similar value for alanine. 
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Finally, the goal of finding a converged NE-ZW difference is still not 
complete. When considering the 32 water structures neutral alanine is not 
fully solvated in the global minima. OFT and MP2 predict the fully solvated 
structure to be 2.6 and 1.6 kcal/mol respectively, higher in energy than the 
global minima. The NE to ZW energy difference is still increasing with 
additional waters when n = 32. One would expect a converged value to be l'J 
11 kcal/mol based on the glycine experimental value. It is possible that 
convergence of the energy difference will coincide with the emergence of a 
fully solvated neutral species as the global minimum. 
VII. Future Work 
The number of water molecules needed to converge the NE-ZW energy 
difference and to fully solvate the neutral species still remains to be 
determined. Further, molecular dynamics calculations on alanine would allow 
the prediction of the properties (dipole moment, diffusion coefficient, density, 
heat of vaporization) seen in solvated species, which may be of interest to 
those developing models for amino acids. 
VIII. Acknowledgments 
34 
The authors are grateful to the Air Force Office of Scientific Research for funding. 
The authors would like to thank Christine Aikens, Jamie Rintelman, and Dan Kemp 
for helpful discussions. 
35 
IX. References 
1. Vishveshwara, S.; Pople, J. A.; J. Am. Chem. Soc. 1997, 99, 2422. 
2. Tse, Y.-C.; Newton, M. D.; S. Vishveshwara, S.; Pople, J. A.; J. Am. Chem. Soc. 
1978, 100, 4329. 
3. Clementi,E.; Cavallone,F.; Scordamaglia, R.; J. Am. Chem. Soc. 1997, 99 
5531. 
4. Clementi, E.; Computational Aspects for large Chemical Systems, Lecture notes 
in Chemistry, Vol. 19, Springer, Berlin 1980 
5. Jensen, J.H.; Gordon, M. S.; J. Am. Chem. Soc. 1995, 117, 8159 
6. Jensen, J.H.; Gordon, M. S.; J. Am. Chem. Soc. 1991 ,113, 7917 
7. Bandyopadhyay, P.; and Gordon, M. S.; J. Chem. Phys. 2000 , 113, 1104. 
8. Gontrani, L.; Mennucci, B.; Tomasi, J.; J. Mol. Struct.: THEOCHEM 2000, 113, 
500. 
9. Cui, Q.; J. Chem. Phys. 2002 ,117, 4720. 
10. Ding, Y.; Krogh-Jespersen, K.; J. Comput.Chem. 1996, 17, 338 
11. Tunon, I.; Silla, E.; Millot, C.; Martins-Costa, M.T.C.; Ruiz-L'Opez, M.F.; J. 
Phys. Chem. A. 1998, 102, 8673 
12. Ramaekers, R; Pajak, J; Lambie,B; Maes, G. J. Chem. Phys. 2004, 120, 4182. 
13. Yamabe, S.; Ono,N; Tsuchida, N,; J. Phys. Chem A. 2003, 107, 7915. 
14. Rzepa, H.S.; Yi,M. J. Chem. Soc. Perkin Transactions. 1991, 2, 531 
36 
15. Bandyopadhyay, P.; Mennucci, B.; Tomasi, J.; Gordon, M.S.; J. Chem. Phys.; 
2002, 116, 5023. 
16. Bandyopadhyay, P.; Gordon, M.S.; J. Chem. Phys.; 2000, 113, 1104 
17. Bonaccorsi, R.; Palla, P.; Tomasi, J.; J. Am. Chem. Soc. 1984, 106, 1945 
18. Truong, T. N.; Stefanovich, E. V.; J. Chem. Phys. 1995, 103, 3709 
19. Andzelm, J.; Kolmel, C.; Klamt, A.; ibid. 1995 ,103, 9312 
20. Adamo, C.; Dillet, V.; Barone, V. ; Chem. Phys. Lett. 1996, 263, 113 
21 . Tortonda, F. R.; Pascual Ahuir, J.-L.; Silla, E.; Tunon, I.; Ramirez, F. J.; J. 
Chem. Phys.2000, 109,592 
22. Tunon, I.; Silla, E.; Ruiz-Lopez, M. F.; Chem. Phys. Lett. 2000, 321, 433 
23. Park, S.-W.; Ahn , D.-S.; Lee, S.; Chem. Phys. Lett. 2003, 371, 74. 
24. Tajkhorshid, E.; Jalkansen, K.J.; Suhai, S.; J.Phys. Chem. B. 1998, 102, 
5899. 
25. Frimand, K.; Bohr, H.; Jalkanen, K.J.; Suhai, S.; J. Chem. Phys.; 2000, 225, 
165 
26. Tajkhorshid, E.; Kalkansen, K.J. ; Suhai, S.; J. Phys. Chem B. 1998 ,102, 5889. 
27. Kwon, 0. Y.; Kim, S. Y.; No, K.T.; Bui. Koren Chem. Soc. 1995, 117, 8159 
28. Saqarik,K; Dokmaisrijam,S. theochem. 2005, 718, 31-47 
29. Blanco, S.; Lesarri, A.; Lopez, J.C.; Alonso, J. L.; J. Am. Chem. Soc. 2004 
30. Miertus, S.; Scrocco, E.; Tomasi, J. Chemical Physics 1981, 55, 117-129. 
31 . Cances, E.; Mennucci, B.; Tomasi, J. Journal of Chemical Physics 1997, 107, 
30323041. 
32. Li, H. ; Jensen, J.H.; J. Journal of Computational Chemistry 2004 
37 
33. Osagner, L.; J.Am. Chem. Soc. 1938, 58, 1486 
34. Li, J.; Hawkins, G.D.; Cramer, C.J.; Truhlar, D.G.; Chem.Phys.Lett. 1998, 288, 
293-298 
35. Baldridge, K.; Klamt, A.; J.Chem.Phys. 1997, 106, 6622-6633 
36. Klamt, A.; Shuurmann, G. J. Chem Soc. Perkin Trans. 1993, II, 799 
37. Zhan, C-G.; Bentley, J.; Chipman, D. M. J. Chem. Phys. 1998, 108, 177 
38. Jensen, J.H.; Gordon, M. S.; J. Chem. Phys.; 1996. 104, 7795 
39. Jensen, J.H.; Gordon, M. S.; Mol. Phys.; 1996, 89, 1313 
40. Jensen, J.H.; Gordon, M. S.; J. Chem. Phys.; 1998, 108, 4772. 
41 . Chen, W.; Gordon, M. S.; J. Chem. Phys. 1996 ,105, 11081. 
42. Day, P.N.; Jensen, J.H.; Gordon, M.S.; Webb, S.P.; Stevens, W.J.; Krauss, 
M.; Garmer, D.; Basch, H.; and Cohen, D.; J. Chem. Phys.; 1996, 105, 1968 
43. Adamovic, I.; Freitag M.A.; Gordon, M.S.; J. Chem. Phys.; 2003 ,118, 6725. 
44. Becke, A.O.; J.Chem.Phys. 1993, 98, 5642 
45. Lee, C.; Yang, W.; Parr, R. G. Physical Review B1988, 37, 78 
46. Lehman, M.S.; Kotzle, T.F.; Hamilton, W.C.; J. Am. Chem. Soc.; 1972, 94, 2657 
47. Destro, R.; Marsh, R.E.; Bianchi, R.; J. Phys. Chem.; 1988, 92, 96 
48. J-S. Jiang, A. T. Brunger, J. Mol. Biol. 1994, 243, 100 
49. J.A. Rupley, in S.N. Timasheff, G.D. Fasman (Eds.), Strucutre and Stability of 
Biological Macromolecules, Marker Dekker, New York, 1969, pp. 291-352 
50. B.W. Mathews, in H. Neurath, R.L. Hill (Eds.) The Protiens vol. Ill, Academic 
Press, New York, 1977, pp. 403-590. 
51 . Roothan, C. C. J. Rev. Mod. Phys. 1960, 32, 179 
38 
52. Moller, C.; Plesset, S. Phys. Rev. 1934, 46, 618 
53. Hehre, W.J.; Ditchfield, R.; Pople, J.A.; J. Chem. Phys. 1972, 56, 2257 
54. Francl, M.M.; Pietro, W.J.; Hehre, W.J.; Binkley, J.S.; Gordon, M.S.; DeFrees, 
D.J.; Pople, J.A.; J.Chem.Phys. 1982, 77, 3654-3665. 
55. Hariharan, P.C.; Pople, J.A.; Theoret.Chim.Acta 1973, 28, 213-222. 
56. Metropolis, N.; Rosenbluth, A.; Teller, A.; J.Chem.Phys. 1953, 21, 1087. 
57. Day, P.N.; Pachter, R.; Gordon, M.S.; Merrill, G.N.; J.Chem.Phys. 2000, 112, 
2063-73. 
58. Parks, G.T.; Nucl.Technol. 1990, 89, 233. 
59. Li, Z.; Scheraga, H.A.; Proc.Nat.Acad.Sci. USA 1987, 84, 6611. 
60. Kirkpatrick, S.; Gelatt, C.D.; Vecci, M.P.; Science. 1983, 220, 671. 
61. Wales, D.J.; Hodges, M.P.; Chem.Phys.Lett. 1998, 286, 65-72. 
62. Adamovic, I.; Gordon, M.S.; Mol. Phys. 2005, 103, 379. 
63. Hui, L.; Jensen, J.H.; Gordon, M.S.; (manuscript in preparation) 
64. Schmidt, M.W.; .Baldridge, K.K.; Boatz, J.A.; Elbert, S.T.; Gordon, M.S.; Jensen, 
J.H.; Koseki, S.; Matsunaga, N.; Nguyen, K.A.; Su, S.J.; Windus, TL.; Dupuis, 
M.; Montgomery, J.A.; J.Comput .Chem. 1993, 14, 1347-1363 
65. Bode, B. M. and Gordon, M. S. J. Mo/. Graphics Mod., 1998, 16, 133-138 
66. Kemp, D.; Gordon, M. S. J. Phys. Chem. A (in press) 
67. Wada, G.; Tamura,E.; Okina, M.; Nakamura,M. Bui. Chem. Soc. Jpn. 1982 , 
55,3064 
X. Tables 
Table 2.1 Isomers of Alanine. The L Alanine entries 
are highlighted red and in italics while the enantiomer 
pairs are grouped by the light shading. Zwitterions 
are only stable in RHF+PCM so no results are 
reported for HF or MP2. ZW' (90 . COO-), ZW" (45. 
COO-), ZW"' (120· +NH3) are rotamers and the 
values are from a single point and not optimized. 
Energies are in kcal/mol. 
6-31 ++G(d,p) 
HF MP2 RHF+PCM 
ALA 1 L 0.0 0.0 0.0 
ALA 1 D -0.1 -0.3 0.0 
ALA2L -2.8 -0.7 0.4 
ALA2 D -2.8 -0.7 0.4 
ALA3L -1.2 0.6 1.3 
ALA3D -1.2 0.6 1.3 
ALA4L -1.5 0.3 1.3 
ALA4 D -1 .5 0.3 1.3 
ALA5L -0.5 0.3 1.9 
ALA5D -0.5 0.3 1.8 
ALA 6L 42 5.6 3.2 
ALA6 D 4.2 5.6 3.1 
ALA lL 5.4 6.4 3.8 
ALA 7 D 5.4 6.4 3.7 
ALA8L 5.8 6.8 4.1 
ALAS D 6.0 7.0 4.4 
zw 0.0 
ZW' 5.2 
ZW" 5.4 
ZW"' 2.0 
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Table 2.2 Global minimum for the D form subtracted 
from the global minimum in the L form. Energies are 
in kcal/mol. 
6-31 ++G(d,p) 
(n) EFP2 MP2 MP2// MP2// 
(EFP1/ EFP2 MP2 
OFT)// (EFP1/ 
EFP2 OFT) 
3 2.9 -0.8 0.5 -0.2 
4 0.0 0.9 1.8 -0.8 
5 0.3 2.2 3.0 1.0 
6 5.2 3.1 2.1 7.3 
7 0.9 0.4 -0.1 -2.2 
8 0.5 -0.8 0.9 2.6 
16 -2.7 -1.3 
24 1.7 -2.1 
32 0.1 1.6 
Table 2.3 Relative energies in kcal/mol for the EFP2 
Level of theory. All energies are relative to the global 
minimum for each water n=1 -
EFP2/6-31 ++G(d,p)) ZPE Corrected 
Neutral Zwitterion 
(n) Lowest 2nd Low Lowest 2nd Low 
1 10.9 11 .6 0.0 0.5 
2 19.2 20.1 0.0 1.5 
3 18.4 21 .3 0.0 0.2 
4 23.1 23.2 0.0 0.1 
5 26.4 26.7 0.0 0.4 
6 25.9 31 .1 0.0 1.9 
7 32.8 33.7 0.0 2.3 
8 35.7 36.2 0.0 2.5 
16 44.8 47.6 0.0 1.3 
24 46.5 48.3 0.0 1.7 
32 50.4 50.5 0.0 1.1 
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Table 2.4 Relative energies in kcal/mol for the EFP2 
Level of theory with the dispersion term added. All 
energies are relative to the global minimum for each 
water n=1 - 32. 
EFP2 (dis) /6-31++G(d,p)) ZPE Corrected 
Neutral Zwitterion 
(n) Lowest 2nd Low Lowest 2nd Low 
1 12.5 13.1 0.0 2.4 
2 22.0 23.4 0.0 4.9 
3 18.8 22.1 0.0 3.9 
4 24.5 25.5 0.0 0.9 
5 27.8 28.4 0.0 0.7 
6 28.0 32.8 0.0 2.8 
7 34.7 35.7 0.0 0.6 
8 37.3 37.4 0.0 2.2 
16 47.4 49.2 0.0 1.8 
24 47.4 49.8 0.0 1.1 
32 43.1 49.3 0.0 0.5 
Table 2.5 Relative energies in kcal/mol for the EFP2 
Level of theory with the dispersion and charge 
transfer term added. All energies are relative to the 
global minimum for each water n=1 - 32. 
EFP2 (ct) /6-31++G(d,p)) ZPE Corrected 
Neutral Zwitterion 
(n) Lowest 2nd Low Lowest 2nd Low 
1 11 .7 12.7 0.0 0.5 
2 19.6 20.2 0.0 1.6 
3 24.4 24.6 0.0 0.3 
4 27.7 30.6 0.0 2.8 
5 29.7 31.9 0.0 2.1 
6 32.1 36.7 0.0 4.3 
7 37.8 38.7 0.0 4.1 
8 41.3 53.4 0.0 7.5 
16 0.0 0.0 0.0 0.0 
24 0.0 0.0 0.0 0.0 
32 47.2 55.4 0.0 1.0 
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Table 2.6 Relative energies in kcal/mol, RHF single 
point at the EFP2 geometry. Alanine treated as RHF, 
water is EFP1 HF All energies are relative to the 
global minimum for each water n=1 - 32. 
HF/EFP1(HF)//EFP2 6-31++G(d,p)) ZPE Corrected 
Neutral Zwitterion 
(n) Lowest 2nd Low Low est 2nd Low 
1 0.0 0.2 22.4 26.0 
2 0.0 0.2 19.2 21 .9 
3 0.0 0.4 14.7 15.9 
4 0.0 0.9 11 .9 13.5 
5 0.0 1.8 10.2 13.2 
6 0.0 1.4 8.5 8.7 
7 0.0 2.0 5.5 6.5 
8 0.0 0.1 1.2 2.1 
16 5.6 6.4 0.0 4.4 
24 7.0 7.1 0.0 1.3 
32 9.5 11.4 0.0 5.3 
Tabl'e 2. 7 Relative energies in kcal/mo! , OFT single 
point at the EFP2 geometry. Alanine treated as OFT, 
water is EFP1 /OFT. All energies are relative to the 
global minimum for each water n=1 - 32. 
DFT/EFP1(DFT)//EFP2 6-31++G{d,p)) ZPE 
Corrected 
Neutral Zwitterion 
(n) Lowest 2nd Low Low est 2nd Low 
1 0.0 0.4 16.3 18.9 
2 0.0 0.5 12.9 13.8 
3 0.0 0.8 8.4 9.0 
4 0.0 0.7 4.7 6.4 
5 0.0 1.8 5.0 5.8 
6 0.0 1.7 1.7 3.4 
7 0.1 0.6 0.0 0.3 
8 3.5 3.8 0.0 0.3 
16 4.8 5.3 0.0 2.6 
24 13.1 14.8 0.0 2.8 
32 13.9 16.5 0.0 2.4 
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Table 2.8 Relative energies in kcal/mo! , MP2 single 
point at the EFP2 geometry. Alanine treated as MP2, 
water is EFP1 /OFT. All energies are relative to the 
global minimum for each water n=1 - 32. 
MP2/EFP1 (DFT)//EFP2 6-31 ++G(d,p)) ZPE 
Corrected 
Neutral Zwitterion 
(n) Lowest 2nd Low Low est 2nd Low 
1 0.0 0.3 15.9 18.4 
2 0.0 0.3 12.2 13.2 
3 0.0 0.8 8.4 10.0 
4 0.0 0.9 3.0 7.0 
5 0.0 2.2 4.5 6.7 
6 0.0 2.4 0.7 2.5 
7 1.3 1.7 0.0 0.2 
8 4.9 5.1 0.0 2.5 
16 5.9 7.2 0.0 2.5 
24 13.3 15.5 0.0 2.9 
32 16.0 17.6 0.0 2.1 
Table 2.9 Relative energies in kcal/mol , MP2 single 
point at the EFP2 geometry. Water and alanine 
treated with MP2. All energies are relative to the 
global minimum for each water n=1 - 8. 
all MP2//EFP2 6-31 ++G(d,p)) ZPE Corrected 
Neutral Zwitterion 
(n) Lowest 2nd Low Low est 2nd Low 
1 0.0 0.3 15.2 18.1 
2 0.0 0.3 10.9 12.6 
3 0.0 0.5 8.6 10.2 
4 0.0 1.3 4.6 6.9 
5 0.0 2.0 3.2 6.0 
6 0.0 2.1 1.7 1.8 
7 2.3 2.4 0.0 0.7 
8 5.4 5.6 0.0 1.6 
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Table 2.1 O Relative energies in kcal/mol for the MP2 
level of theory optimization with Alanine treated as 
MP2 and water as EFP1/DFT. All energies are 
relative to the global minimum for each water n=1 - 8. 
MP2(H20DFT) 6-31++G(d,p)) ZPE Corrected 
Neutral Zwitterion 
(n) Lowest 2nd Low Lowest 2nd Low 
1 0.0 0.6 3.6 13.4 
2 0.0 0.5 8.8 11 .1 
3 0.0 3.9 7.0 8.2 
4 0.0 0.7 0.5 6.6 
5 1.0 2.7 0.0 2.8 
6 1.3 4.7 0.0 3.4 
7 0.2 4.3 0.0 0.3 
8 5.6 6.6 0.0 0.8 
Table 2.11 Relative energies in kcal/mol for the MP2 
level of theory at MP2(EFP1 /OFT) geometry. Water 
and alanine treated with MP2. All energies are 
relative to the global minimum for each water n=1 - 8. 
All MP2//MP2(H20DFT) 6-31 ++G(d,p)) ZPE 
Corrected 
Neutral Zwitterion 
(n) Lowest 2nd Low Lowest 2nd Low 
1 0.0 0.4 13.3 13.3 
2 0.0 0.7 9.9 12.3 
3 0.0 0.2 5.0 6.6 
4 0.0 0.8 4.9 5.7 
5 0.0 1.0 3.2 3.5 
6 0.0 3.6 0.0 1.9 
7 3.9 6.1 0.0 2.8 
8 4.7 7.3 0.0 0.3 
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Table 2.12 Total binding energy (kcal/mol) for neutral (NE) for n waters at the EFP2, EFP w/ dispersion term 
(EFP2 (dis) ), EFP2 with dispersion and charge transfer terms (EFP2 (dis/ct) ), HF, OFT, and MP2 levels of 
theory. 
Total Binding Energy - Neutral (NE) 
(n) EFP2 EFP2 EFP2 HF OFT MP2 
(dis) (dis/ct) 
1 -7.9 -7.9 -9. 2 -6.3 -8.5 -8.4 
2 -17.0 -17.0 -18.3 -13.9 -17.9 -17.8 
3 -28.2 -33.2 -35.7 -19.6 -24.7 -25.5 
4 -36.3 -41 .0 -50.8 -32.4 -38.7 -38.4 
5 -41 .8 -49.0 -61 .1 -33.1 -43.0 -43.1 
6 -54.1 -62.1 -74.3 -38.8 -51.9 -51 .7 
7 -58.1 -68.3 -82.0 -44.2 -64.9 -65.2 
8 -64.8 -75.6 -49.5 -67.9 -74.2 
16 -158.5 -136.1 -148.0 -136.4 -145.2 
24 168.1 -199.5 -153.0 -201 .9 -205.3 
32 -218.1 -259.8 -196.0 -272.4 -272.3 
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Table 2.13 Total binding energy (kcal/mol) for zwitterion (ZW) for n waters at the EFP2, EFP w/ dispersion term 
(EFP2 (dis) ), EFP2 with dispersion and charge transfer terms (EFP2 (dis/ct) ), HF, OFT, and MP2 levels of 
theory. 
Total Binding Energy - Zwitterion (ZW) 
(n) EFP2 EFP2 EFP2 HF OFT MP2 
(dis) (dis/ct) 
1 -19.1 -19.1 -21 .2 -13.0 -14.9 -15.1 
2 -36.2 -36.2 -40.4 -23.7 -27.0 -27.9 
3 -46.5 -52.0 -60.1 -33.5 -47.6 -45.7 
4 -57.7 -65.4 -78.0 -43.1 -59.8 -60.7 
5 -68.1 -77.0 -90.6 -51 .8 -68.2 -68.7 
6 -79.7 -89.8 -106.3 -67.9 -80.8 -81 .3 
7 -90.1 -103.2 -119.5 -71 .8 -89.8 -90.5 
8 -100.7 -113.1 -133.4 -81.2 -93.7 -98.3 
16 -159.9 -183.5 -135.3 -169.4 -170.4 
24 -216.3 -249.1 -190.4 -247.8 -248.8 
32 -262.3 -303.1 -225.4 -311 .1 -312.2 
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Table 2.14. Differential binding energy (kcal/mol) for neutral (NE) for n waters at the EFP2, EFP w/ dispersion 
term (EFP2 (dis) ), EFP2 with dispersion and charge transfer terms (EFP2 (dis/ct) ), HF, OFT, and MP2 levels of 
theory. 
Differential Binding Energy (l1De) - Neutral (NE) 
(n) EFP2 EFP2 EFP2 HF OFT MP2 
(dis) (dis/ct) 
1 -9.1 -9.1 -9.1 -7.6 -9.4 -9.4 
2 -11.2 -16.1 -17.3 -5.4 -6.3 -7.4 
3 -8.2 -7.8 -15.1 -12.9 -13.9 -12.8 
4 -5.5 -8.0 -10.2 -0.7 -4.4 -4.8 
5 -12.3 -13.1 -13.2 -5.8 -8.8 -8.5 
6 -4.1 -6.2 -7.7 -5.3 -7.5 -7.5 
7 -6.6 -7.3 -5.4 -8.7 -8.5 
Table 2.15. Differential binding energy (kcal/mol) for zwitterion (ZW) for n waters at the EFP2, EFP w/ dispersion 
term (EFP2 (dis) ), EFP2 with dispersion and charge transfer terms (EFP2 (dis/ct) ), HF, OFT, and MP2 levels of 
theory. 
Differential Binding Energy (l1De) -Zwitterion (ZW) 
(n) EFP2 EFP2 EFP2 HF OFT MP2 
(dis) (dis/ct) 
1 -17.1 -17.1 -19.2 -10.7 -12.2 -12.7 
2 -10.4 -15.8 -19.7 -9.8 -12.3 -10.0 
3 -11 .1 -13.4 -17.9 -9.6 -12.2 -14.8 
4 -10.4 -11 .6 -12.6 -8.7 -8.4 -8.0 
5 -11.6 -12.9 -15.7 -7.4 -12.5 -12.7 
6 -11.3 -13.4 -13.1 -8.6 -9.0 -9.2 
7 -9.8 -9.8 -14.0 -9.4 -12.2 -12.3 
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Figure 2.1. D form neutral alanine conformer structures and relative energies(relative 
to ALA 1 L) at RHF/6-31++G(d,p) , MP2/6-31++G(d,p), lev-
els of theory. 
ALA 7 L 5.4 6.4 ALA 8 L 5.8 6.8 
ALA 5 L -0.5 0.3 ALA 6 L 4.2 5.6 
( 
ALA 3 L -1 .2 0.6 ALA 4 L -1.5 0.3 
ALA 1 L 0.0 0.0 ALA 2 L -2.8 -0.7 
Figure 2.2. L form neutral alanine conformer structures and relative energies (rela-
tive to ALA 1 L) at RHF/6-31 ++G(d,p} , MP2/6-31 ++G(d,p) , 
levels of theory. 
ALA 7 D 5.4 6.4 
ALA 5 D -0.5 0.3 
ALA 3 D -1.2 0.6 
( 
ALA 1 D -0.1 -0.3 
ALA 8r0 6.0 7.0 
ALA 6 D 4.2 5.6 
ALA 4 D -1.5 0.3 
ALA 2 D -2.8 -0.7 
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Figure 2.3. Alanine zwitterion and the three rotamers used in Monte Carlo. 
ZW (L) ZW (D) 
ZW" (L) (45. COO-) 
ZW' (L) (90. COO-) 
ZW'" (L) (120· +NH3) 
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Figure 2.4. Structures from Monte Carlo simulations with alanine and one water. Two 
lowest conformers and relative energies (kcal/mol) of ZW and NE alanine. 
NE Lowest 2nd Low 
r 
10.9 0 0 0 0 11 .6 0.2 0.4 0.3 0.4 
zw 
0 22.4 16.3 15.9 13.3 0.5 26.0 18.9 18.4 13.3 
c P2 OPTlf\/llZAT "f\ 
HF (EFP1/HF water)//EFP2 6-31++G(d,p) 
OFT (EFP1 /OFT water)//EFP2 6-31 ++G(d,p) 
MP2 (EFP1/0FTwater //EFP2 6-31++G(d, 
ALL MP2//MP2 (EFP1/ FT water) 6-31++ d,p) 
Figure 2.5. Structures from Monte Carlo simulations with alanine and two waters. 
Two lowest conformers and relative energies (kcal/mol) of ZW and NE alanine. 
NE Lowest 
19.2 0 0 0 0 20.1 0.2 0.5 0.3 0.7 
zw 
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0 19.2 12.9 12.2 9.9 1.5 21.9 13.8 13.2 12.3 
EFP OP IMIZA1 ) 
HF (EFP1/HF water)//EFP2 6-31++G(d,p) 
OFT (EFP1 /OFT water)//EFP2 6-31 ++G(d,p) 
MP2 (EFP1/0FTwater //EFP2 6-31++G(d, 
ALL MP2//MP2 (EFP1/ FT water) 6-31++ d,p) 
Figure 2.6. Structures from Monte Carlo simulations with alanine and three waters. 
Two lowest conformers and relative energies (kcal/mol) of ZW and NE alanine. 
NE Lowest 2nd Low 
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18.4 0 0 0 21.3 0.4 0.8 0.8 0.2 
zw 
0 14.7 8.4 8.4 5.1 
E P OP 11Z 
HF (EFP1/HF water)//EFP2 6-31++G{d,p) 
DFf (EFP1/DFTwater)//EFP2 6-31++G(d,p) 
MP2 (EFP1/DFT water //EFP2 6-31 ++G{d, 
0.2 15.6 9.0 10.0 6.6 
ALL MP2//MP2 (EFP1/ FT water) 6-31++ d,p) 
Figure 2. 7. Structures from Monte Carlo simulations with alanine and four waters. 
Two lowest conformers and relative energies (kcal/mol) of ZW and NE alanine. 
NE Lowest 2nd Low 
21.5 0 0 0 0 23.1 0.8 
zw 
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0 18.2 9.3 7.4 4.9 0.1 19.9 11.0 11.4 5.7 
r P" or 1M1:l\T 11 
HF (EFP1/HF water)//EFP2 6-31++G(d,p) 
OFT (EFP1 /OFT water)//EFP2 6-31 ++G(d,p) 
MP2 EFP1/0FT water //EFP2 6-31 ++G(d, 
ALL P2//MP2 (EFP1/ FT water) 6-31++ d,p) 
Figure 2.8. Structures from Monte Carlo simulations with alanine and five waters. 
Two lowest conformers and relative energies (kcal/mol) of ZW and NE alanine. 
NE Lowest 
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26.4 0 0 0 0 26.7 2.2 1.8 1.0 
zw 
0 10.2 5.0 7.4 3.9 0.4 13.2 5.8 11.4 3.5 
\EFP? L PT Ml J \J 
HF (EFP1/HF water)//EFP2 6-31++G(d,p) 
OFT (EFP1/DFT water)//EFP2 6-31 ++G(d,p) 
MP2 EFP1/DFTwater //EFP2 6-31++G(d, 
ALL P2//MP2 (EFP1/ FT water) 6-31++ d,p) 
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Figure 2.9. Structures from Monte Carlo simulations with alanine and six waters. Two 
lowest conformers and relative energies (kcal/mol) of ZW and NE alanine. 
NE Lowest 
( 
25.9 0 0 0 0 31.1 1.4 1.7 2.4 3.6 
0 8.5 1.7 0.7 0 1.9 8.7 3.4 2.5 1.9 
EFP2 OPT \t117ATION 
HF (EFP1/HF water)//EFP2 6-31++G(d,p) 
OFT (EFP1/DFT water)//EFP2 6-31 ++G(d,p) 
MP2 (EFP1/DFT water //EFP2 6-31 ++G(d, 
ALL MP2//MP2 (EFP1/ FT water) 6-31++ d,p) 
56 
Figure 2.10. Structures from Monte Carlo simulations with alanine and seven waters. 
Two lowest conformers and relative energies (kcal/mol) of ZW and NE alanine. 
NE Lowest 
32.8 0 0.9 1.3 3.9 
0 5.5 0 0 0 
FP2OPTll\/llZA110 
HF (EFP1/HF water)//EFP2 6-31++G(d,p) 
DFT (EFP1/DFT water)//EFP2 6-31 ++G(d,p) 
MP2 EFP1/DFT water //EFP2 6-31 ++G{d, 
( 
( 
33.7 2.1 0.6 1.7 6.1 
2.3 6.5 0.3 0.3 2.8 
ALL P2//MP2 (EFP1/ FT water) 6-31++ d,p) 
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Figure 2.11. Structures from Monte Carlo simulations with alanine and eight waters. 
Two lowest conformers and relative energies (kcal/mol) of ZW and NE alanine. 
NE Lowest 
( 
35.7 0 3.5 4.9 4.7 36.2 0.1 3.8 5.1 7.6 
zw 
,. 
0 1.2 0 0 0 2.51 2.1 0.3 2.5 0.3 
EFP2 P I ~1 7A~ 0 
HF (EFP1/HF water)//EFP2 6-31++G{d,p) 
OFT (EFP1/DFT water)//EFP2 6-31 ++G{d,p) 
MP2 EFP1/DFTwater //EFP2 6-31++G{d, 
ALL P2//MP2 (EFP1/ FT water) 6-31++ d,p) 
Figure 2.12. Structures from Monte Carlo simulations with alanine and 16 waters. 
Two lowest conformers and relative energies (kcal/mol) of ZW and NE alanine. 
NE Lowest 
r 
44. 5.7 4.8 6.0 
zw 
0 0 0 0 
E p op-1 1Z I I 
HF (EFP1/HF water)//EFP2 6-31++G{d,p) 
OFT (EFP1/DFTwater)//EFP2 6-31++G(d,p) 
MP2 EFP1/DFT water //EFP2 6-31 ++G(d, 
1.3 4.4 2.7 2.6 
ALL P2//MP2 (EFP1/ FT water) 6-31++ d,p) 
( 
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Figure 2.13. Structures from Monte Carlo simulations with alanine and 24 waters. 
Two lowest conformers and relative energies (kcal/mol) of ZW and NE alanine. 
NE 2nd Low 
Lowest 
46.6 7.0 13.1 13.3 48.3 7.1 14.8 16.4 
zw 
0 0 0 '1. 7 1.3 2.8 3.0 
Eru OP r1V1 IZ T1 
HF (EFP1/HF water)//EFP2 6-31++G(d,p) 
OFT (EFP1 /OFT water)//EFP2 6-31 ++G( d,p) 
MP2 (EFP1/0FT water //EFP2 6-31++G(d, 
ALL MP2//MP2 (EFP1 I FT water) 6-31 ++ d,p) 
( 
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Figure 2.14. Structures from Monte Carlo simulations with alanine and 32 waters. 
Two lowest conformers and relative energies (kcal/mol) of ZW and NE alanine. 
NE 
Lowest 
( 
50.4 9.5 13.9 16.0 50.5 12.6 16.5 17.6 
0 
( 
( 
0 0 0 0 -10.1 -11 .1 1 
EFP2 OPTIMIZATION 
HF (EFP1/HF water)//EFP2 6-31++G(d,p) 
OFT (EFP1/DFT water)//EFP2 6-31++G(d,p) 
MP2 (EFP1/DFT water //EFP2 6-31++G(d, 
ALL MP2//MP2 (EFP1/ FT water) 6-31++ d,p) 
r 
0.8 0.8 
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Chapter Ill. That Which Binds Them 
A paper to be submitted to the Journal of Theochemistry 
Jonathan Mullin, Richard Martin, Mark Gordon 
I. Abstract. 
A study is presented of substrates for a pentameric ligand gated ion-channel, 
or Cys-loop receptor, which mediate chemical signals across the cellular 
membrane. Blocking specific signaling receptors may induce death in 
agricultural pests such as nematodes. Many biological signaling proteins have 
inter-membrane domains that cause difficulty in obtaining an x-ray diffraction 
structure. Further, those that have been elucidated with x-ray diffraction 
studies are static structures that do not capture the structural dynamics. Since 
there is a known set of competitive binding molecules, an ab initio study of the 
competitive binding molecules was employed. From this study one may be 
able to design new competitive binding molecules that will mitigate resistance 
to current methods of pest control. The ab initio methods include M011er-
Plesset second order perturbation theory with the 6-31 G(d,p) basis set, 
adding diffuse functions when solvents are used. The solvent model employs 
a discrete ab initio and effective fragment part along with the polarizable 
continuum method. A thorough understanding of the geometries and electron 
densities of known substrates can lead to the design and synthesis of 
competitive inhibitors that could improve crop yields and animal health. 
II. l',ntroduction 
One problem that has yet to be overcome in biochemistry is the need for a 
general method to elucidate the native folded structure of an intermembrane 
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protein. This illustrates the limitations of designing competitive binding 
substrates. If the structure of the protein is not available, but a library of 
binding molecules and their binding affinities is available, one may be able to 
probe the nature of their electronic structure to determine patterns and unique 
features that make them binding substrates. The protein of interest in the 
current work is a pentameric ligand gated ion-channel, or Cys-loop receptor, 
which mediates chemical signals across the cellular membrane. Blocking 
specific signaling receptors may induce death in agricultural pests such as 
nematodes. This study presents a qualitative approach to identify which pair 
of the four molecules nicotine, pyrantel, methyridine, and levimasole would 
bind separate sites. 
The protein 
A crystal structure of a nicotinic domain protein has been determined previously.(1) 
This was a soluble protein from the snail lymnaea stagnalis.(2) While analogous to at 
least one site on nicotinic acetylcholine, it is not an intermembrane protein and 
aspects of the binding may not captured. Pharmacological studies of nicotinic 
acetylcholine have tried to quantify agonist interaction. (3) Aspects of interaction have 
also been identified using computational methods. Using the semi-empirical program 
MOPAC 6.0 and a superposition of the structures found a correlation between 
relative agonist strength and structural similarity. That study focused on steric 
considerations and ignored the solution phase electrostatic interactions. 
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Resistance and nematodes 
Levamisole has been used to treat nematode parasite infections; however, therapy 
is inhibited by eventual development of resistance. Experimental patch-clamp 
studies have been conducted to determine the mechanism of resistance to this 
selective nicotinic drug.(4) This resistance in trypanosomes was determined to be due 
to a reduction in the uptake of the drug by the parasite.(5) Interestingly that 
resistance is not acquired through a change in the target receptor. Acquiring 
resistance to therapeutic agents may occur via four separate processes. (6) Site 
exclusion was the first recognized acquired resistance. Site exclusion is the result of 
the therapeutic drug not reaching the active site due to the organism modifying the 
transport of the drug (5). A second mode, DNA amplification, possibly the most 
prevalent mode, involves the increased production of enzymes responsible for the 
degradation of the drug or an increased production of the receptor for the drug. 
Mode three is receptor modification, in which the receptor loses affinity for the drug 
or the receptor is lost altogether. (7) The fourth mode involves post receptor 
modification in which the signal pathway after the receptor binds becomes modified 
to nullify the actions of the receptor. 
It is natural selection in infectious organisms that is considered to be the main 
driving force behind acquired resistance. Drugs that kill sensitive organisms are what 
produce the selective pressure and thereby increase the growth of resistant 
org1anisms. Drug induced mutations are not considered to be a common path to 
resistance since mutagens are not usually considered to be chemotherapeutic 
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agents. Misuse or subtheraputic doses may speed the development of resistant 
organisms. 
Nematode parasites can be devastating to human populations as the annual World 
Health Organization (WHO) reports reveal. Ascaris lumbricoides is a parasitic 
nematode that affects humans and may have an infection rate of 30-60% in endemic 
areas.(8)A common habitat of the nematode parasites is the small intestine. 
lnnabitation produces symptoms ranging from malnutrition, diarrhea, abdominal 
pain, retardation of growth, and even death, though this is not as common. The 
same route of infection occurs in domesticated animals causing economic impact. 
The pharmacological response has been to treat the infected species with 
chemicals, causing selective gating of membrane ion channels.(9) 
Background on chemicals 
This study considers the four chemicals nicotine, pyrantel, methyridine, and 
levirnasole. The structures considered are shown in figures 3.1-3.4. Levamisole is a 
drug used to treat nematode infections, producing spastic paralysis of the parasite, 
yet having little to no effect on the host nicotinic receptors.(10> Levamisole is a 
selective nicotinic agonist which targets a pharmacologically distinctive ion channel 
nicotinic acetylcholine receptor (nAChR)(11 > in the body muscle of nematodes.(12) 
Resistance can be a problem with levamisole becoming ineffective on particular 
nematode isolates. (13>Caenorhabditis elegans, the model nematode, has provided 
insight into the genetics of levamisole resistance where up to 11 genes may be 
involved. (14) 
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Nicotine is well known as a legal drug acting as an agonist of the nicotinic 
acetylcholine receptor. Nicotinic agonists and antagonists have been shown to have 
chemotherapeutic effects in the treatment of pain, anxiety, cognitive and attention 
deficits, Tourette's syndrome, and, no surprise, smoking cessation. 
Early studies, both theoretical and experimental, examined the relative stabilites of 
disparate nicotine conformations.(15-25) Crystal structures of nicotine have been 
found in monoprotonated and diprotonated iodide salt.(15) These crystals (the 
monoprotonated species is of physiological relevance) were grown in ethanol and 
therefore may not be the aqueous conformations that would be of pharmacological 
interest. Previous computational work employed methods that may be improved 
upon. Those calculations employed molecular mechanics,(24) intermediate neglect of 
differential overlap (IND0),(20,25) austin model 1 (AM1 ),(26) and extended HOckel(27) 
methods. The latter three are semi-empirical quantum chemistry methods. These 
calculations did produce similar results to those of the solution NMR studies(16-18) 
since they predict the two rings to be approximately perpendicular to each other, with 
the methyl group trans. A later computational paper(32) that employed HF(28), OFT 
(29,30) and M P2 calculations(31.32) also found the trans form to be lowest in energy. 
The four molecules nicotine, pyrantel, methyridine, and levimasole bind the nAChR 
at two separate sites. For each site two of the molecules should bind. Identification 
of the two molecules that bind at each site, using both continuum and discrete 
salvation models should provide some insight into the binding mechanisms. 
Ill. Computational methods 
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Overview: 
Starting with structures of nicotine, pyrantel, methyridine, and levimasole that were 
provided by Professor Martin, logical sites were protonated (nitrogen and sulfur 
atoms) along with the oxygen on methyridine. All gas phase structures were 
obta1ined using restricted Hartree-Fock (RHF), and second order M011er-Plesset 
perturbation theory(31) (MP2) using the 6-31 G(d,p) basis set.(33-35)_ 
The salvation of each molecule is modeled by two methods, discrete and 
continuum. Continuum calculations were carried out on all neutral and 
protonated species employing RHF with PCM (RHF+PCM)(36-41) using the 
6-31++G(d,p) basis set. A molecular electrostatic potential (MEP) map was 
obtained for all RHF+PCM structures. A MEP is the potential felt by a test 
charge due to the interaction with the molecular electron density. The test 
charge is placed in a grid pattern in a selected plane of the molecule. The 
contour map is generated as the test charge identifies regions of relative 
negative and positive potential and their intensity. This type of signature can 
be used to identify patterns in the electron density. This could be useful for 
understanding what is necessary to bind to the receptor protein. The use of 
the M EP map as a way to deduce molecular characteristics and selective 
reactivities of natural products has been demonstrated previously(42-43). 
The discrete model employed the generalized effective fragment potential 
(EFP2)(44-4a) . A fragment was constructed for each neutral, protonated 
structure, and water. Solute and (H20)n were then sampled for n = 4, 
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8, 16,and 32. Monte Carlo (MC)(48-52), with simulated annealing and local 
minimization, was used to sample configuration space. For each of the global 
minima found, the number of structures sampled was on the order of 300,000 
- 500,000. A local minimization was done every 1 O or 100 steps. The number 
of steps taken for each temperature was varied (100 K, 500 K, 1000 K, 
10,000 K). The number of fragments moved per step was also varied from 1-
5 when sampling with 16 and 32 waters. The starting temperature for the 
simulated annealing runs was varied from 300 to 10,000 K with the final 
temperature kept at 200 K. The five lowest structures found from the MC 
simulations were then optimized at the HF(HF/EFP1) where Hartree-Fock 
(HF) is used to describe the solute and water is represented by HF/EFP1. 
AH calculations were performed with the electronic structure code GAM ESS 
(53) , which is freely available from Iowa State University at 
www.msg.ameslab.gov. Structures were visualized with MacMolPlot(54) a 
graphical interface to GAMESS. 
IV. Results and Discussion 
The goal of this study is to find a qualitative way to identify which pair of molecules 
can bind separate sites. The enantiomers were explored, and the final geometries 
found to be lowest (Figures 3.1-3.4) were further explored with RHF+PCM. These 
RHF+PCM structures were then made into generalized effective fragment potentials 
(EFP2). The configurational space was sampled using EFP2 potentials and Monte 
Carlo (MC) calculations. The five lowest structures were then optimized at the HF 
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(HF/EFP1 )level of theory. Tables (3.1-.3.4) show proton affinities for both gas phase 
and the two salvation methods. The salvation models (continuum and discrete) do 
stabilize the cation, however the order of energies among the protonated species is 
the same as in the gas phase. 
Some structures may undergo proton dissociation in discrete salvation to yield a 
solvated proton. This was seen in the HF(HF/EFP1) optimizations for methyridine 
protonated at the oxygen atom, as well as levamisole and pyrantel protonated at the 
su lfur atom. 
Continuum models do not describe important intermolecular electronic effects well. 
Systems that form hydrogen bonds between solute and solvent cannot be described 
by the continuum models, since they do not include explicit solvent interactions. The 
discrete methods treat each solvent molecule explicitly. This approach accounts for 
intermolecular solute-solvent interactions. Thus, some sampling of discrete salvation 
space using a quantum mechanical (QM) solute is necessary to determine if proton 
dissociation will occur. 
The Monte Carlo method allows for sampling the configuration space and 
can , with EFP2 solvent molecules, do so in a reasonable timeframe. MC 
simulations were performed with 4, 8, 16,and 32 effective fragment waters. HF 
(HF/EFP1) optimizations starting from MC local minima allows for proton 
dissociation that are not captured by the EFP2 model potential. The 
comparison of these HF (HF/EFP1) optimizations with the corresponding IEF-
PCM results is presented in Tables 3.1-3.4. Structures with 4 and 32 waters 
are illustrated in Figures 3.5 - 3.17. These come from the HF (HF/EFP1) 
opti'mizations. 
Levamisole Figures 3.1,3.5- 7 
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Levamisole was explored in the gas phase and in solution with protonation at the 
nitrogens and sulfur as labeled. The geometry did not significantly change form the 
gas phase when modeled with RHF+PCM continuum. 
Levimasole (H20)4 Figure 3.6 
In the neutral form the waters are forming a small cluster with the benzene 
rin9 . The protonation at the N2+ site also has the waters clustering above the 
benzene ring. The N1+ protonation structure has the waters bonding with the 
N 1+ nitrogen. The sulfur protonation site has four waters forming a cluster 
near protonated sulfur with one water out of plane in order to weakly H-Bond 
to the protonated sulfur. 
Levimasole (H2D)32 Figure 3. 7 
The water is partially surrounding the neutral levamisole with a majority of the 
wafers clustering around the benzene ring. These waters, however, are in an 
arc away from the actual benzene ring. The protonated sulfur structure has all 
of the waters clustering around the five-membered ring containing the sulfur. 
The protonated nitrogen structures both have the waters avoiding benzene 
ring , In N1+ all waters are on the side of the levamisole and start H-bonding at 
the N1+ site. For N2+ the levamisole is surrounded by the waters with H-
bonding at the nitrogens. These structures are slightly inconsistent, possibly 
due to the fact that the MC simulations with levamisole resulted in an 
unusually large number of rejected structures. So, the true global minima may 
not have been found. To accurately describe solvent effects in this case, a 
higher level of theory may be needed for structures containing a benzene 
ring. 
Methyridine Figures 3.2,3.8- 10 
The four conformations explored are the neutral, a twist of the neutral in the 
C-C-0-C dihedral angle of 90° along with protonation of the nitrogen and 
oxygen. The twist conformation reverts to the starting neutral structure in the 
gas phase, but not at the RHF+PCM level of theory. 
Methyridine (H2D)4 Figure 3.9 
The neutral form exhibits the water hydrogen bonding (H-bonding) with the 
nitrogen forming a small cluster of the waters with the rest of the ring. The 
twist conformation brings the oxygen closer to the nitrogen allowing the water 
form a H-bond bridge between the nitrogen and oxygen. The protonated 
nitrogen structure has the water H-bonding with the NH but not forming a 
cluster with the rings. The protonated oxygen has the proton dissociating and 
becoming a solvated proton. 
Methyridine (H20)32 Figure 3.10 
The neutral and twist conformations both have a partial solvated structure 
with the water forming mainly on the nitrogen/oxygen side of the molecule. 
The water itself is showing sub structure separate from the methyridine. The 
twist conformation has most waters clustered near nitrogen/oxygen with the 
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water then forming an arc around methyridine avoiding the methyl group and 
carbons on the six-membered ring. The N+ almost forms a ring around 
methyridine in the plane of the molecules containing the nitrogen/oxygen and 
thus avoiding the methyl and carbons on the ring . Again, the oxygen 
protonation structure exhibits a solvated proton and neutral methyrdine 
separately. 
Nicotine Figures 3.3,3.12- 14 
The nicotine conformers explored were the neutral form, protonation at the N1 
site where the methyl group substituient could be trans or cis relative the six 
membered ring, and the N2 protonation site. Significant structural change did 
not occur at the RHF+PCM level of theory. 
Nicotine (H20)4 Figure 3.13 
The neutral form of nicotine has a pair of waters H-bonding at each nitrogen. 
Both of the N1+ protonation structures have the water forming a string of H-
bonds starting at the protonated nitrogen. 
Nicotine (H20)32 Figure 3.14 
The neutral form exhibits Hydrogen bonding at both nitrogens with the water 
forming a layer adjacent to the nicotine and rest of the water forming a water-
water H-bonds. The N1+ structure has water forming a lose solvation shell with 
waters H-Bonding with both nitrogens. The N1+ cis structure has most of the 
waters near the protonated hydrogen with other waters partially solvating the 
nicotine. 
Pyrantel Figures 3.4,3.15- 17 
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The four conformers explored include the neutral, and protonation at the 
nitrogens (N1,N2) as labeled and the sulfur. Optimization with the RHF+PCM 
did not change the structures significantly. 
Pyrantel (H20)4 Figure 3.16 
The neutral pyrantel with four waters exhibits a bridge of waters between the 
N2 nitrogen and the sulfur. The N1 protonated structure and water form a 
cluster with the NH. The NH of N2 also forms part of a water cluster. For 
pyrantel protonated at the sulfur the water forms bridge between the nitrogen 
and protonated sulfur. 
Pyrantel (H20)32 Figure 3.17 
The neutral form has a triangular shape with the waters H-bonding to the 
nitrogens and then spreading out away from the five membered ring 
containing the sulfur. This reflects the Mulliken charges where the sulfur has a 
fairly positive charge and thus would not make hydrogen bonds with the 
water. For nitrogen protonation sites the waters cluster near the six-
membered nitrogen containing ring. N2+ is roughly a shell around the six-
membered ring making H-bonds at both nitrogens. N1+ has two moieties in the 
water: one is a cluster near the N1+ protonation site and the other is a sheet of 
waters starting at the six-membered ring and avoiding the sulfur as in the 
neut'ral. The S+ structure now causes there to be a H-bonding site at both 
ends of the pyrantel. Now the waters are almost a sheet on either side the S+ 
structure. 
Molecular electrostatic potential (MEP) 
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The electrostatic interactions are important to the binding of substrates to a protein. 
Thus, in addition to the geometry, it useful to explore the electrostatic interactions of 
the substrates. MEP maps (Figures 3.18 - 21) of the RHF+PCM may be qualitatively 
compared with each other. The red color represents regions susceptible to 
electrophilic attack, while the blue color indicates regions that are open to 
nucleophilic attack. 
Neutral (Figures 3.18- 21,a) 
For levamisole, methyridine, and pyrantel, the area that shows nucleophilic 
potential is where the lowest energy structures are protonated. Nicotine 
protonated energies are very close, yet show that N2 has the nucleophilic 
potential, whereas the N1 conformers are 6.8 kcal/mol lower in energy with 
the RHF+PCM calculation. This may be due to the fact that the methyl 
attached to the N1 nitrogen creates a larger electrophilic potential, since the 
Mulliken charges are -.310044 (N2), -.441599 (N1). The fact that the 
protonated N1 site is lower in energy is supported by the charges on the 
nitrogen atoms. 
Protonated (cation) (Figures 3.18 - 21,b-d) 
The structure of the binding site for the nicotinic agonists is not known. The 
MEP map allows the evaluation of the shape required in order to bind the 
nAChR. Geometry alone may not be sufficient to describe agonist binding. 
Use of superposition of the MEP's of the low energy conformers to determine 
effective overlap (steric and electrostatic) as known agonist binding molecules 
may provide a screening technique for novel compounds. This could be used 
as a basis for developing novel pharmaceuticals to replicate the same 
electron configuration. Methyridine and nicotine are similar in shape (Figures 
3.19'c, 3.20b,c). All three show an oblong bulbous shape, with a small 
protrusion. Levamisole and methrydine (Figures 3.1 Sc,3.21 b) are also very 
similar. An interesting note is that sulfur in the latter case may not explicitly be 
necessary. In levamisole, sulfur appears in the bulbous area of the MEP 
whereas in pyrantel it is in the protrusion. This shows that there are two 
distinct forms of agonist binding molecules. There are two for each separate 
binding sites on the nAChR. 
V. Conclusion I Future Work 
The RHF+PCM calculations appear to give reasonable energies and agree 
with the EFP2/Monte Carlo simulations. The lowest energy conformers do 
have two distinct forms (levamisole, pyrantel and nicotine, methyridine) of 
similar structure corresponding to the two binding sites of the nAChR. The 
use of the RHF+PCM method could expedite the screening process of novel 
compounds. Rather than growing a population of nematodes, synthesizing 
compounds, and testing effectiveness of the molecules in the lab, a relatively 
simple calculation could determine if the molecules of possible interest are 
worth further investigation by experiment. This RHF+PCM approach along 
with using the MEP maps should be applicable to other intermembrane 
proteins where binding substrates are previously known and the development 
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of new pharmacological agents is desired. The deprotonation of Methyridine 
protonated at the oxygen may be the effect of HF(HF/EFP1 ), and an ab inito 
investigation may not bear out the same results. 
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VIL Tables 
Table 3.1 Nicotine proton affinities (kcal/mol) comparing gas phase to PCM and EFP salvation. The lowest 
energy conformer is highlighted in blue. The cis/trans refers to the methyl group attached to the nitrogen and it's 
spatial relation to the six membered ring 
6-31 G(d,p) 6-31 ++G(d,p) 
HF MP2//HF MP2 IEF-PCM 4 EFP 32 EFP 
Neutral 0 0 0 0 0 0 
N2+ -242.1 -238.7 -239.3 -287.1 ----- -----
N1+ 
-246.0 -243.6 -243.6 -294.9 -265.6 -290.3 
tr!lnc 
N1+ cis -245.7 -243.8 -243.9 -294.6 -265.4 -288.7 
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Table.3.2 Pyrantel proton affinities (kcal /mol) comparing gas phase to PCM and EFP solvation . The lowest 
energy conformer is highlighted in blue. 
6-31 G(d,p) 6-31 ++G(d,p) 
HF MP2//HF MP2 IEF-PCM 4EFP 32EFP 
Neutral 0 0 0 0 0 0 
S+ -192.8 -187.7 -187.4 -237.5 -201.6 -233.4 
N1+ -231 .8 -232.0 -232.3 -277.9 -248.5 -279.1 
N2+ -269.9 -264.4 -262.4 -305.7 -277.9 -306.9 
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Table 3.3 Levamisole. proton affinities (kcal/mo!) comparing gas phase to PCM and EFP solvation. The lowest 
energy conformer is highlighted in blue. 
6-31 G(d ,p) 6-31 ++G(d,p) 
HF MP2//HF MP2 IEF-PCM 4EFP 32EFP 
Neutral 0 0 0 0 0 0 
S+ -194.2 -194.2 -194.2 -243.3 -211.3 -246.4 
N1+ -233.0 -233.3 -233.7 -272.6 -247.3 -274.8 
N2+ -257.3 -251 .4 -251 .1 -294.8 -265.4 -299.6 
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Table 3.4 Methyridine proton affinities (kcal/mol) comparing gas phase to PCM and EFP solvation . The lowest 
energy conformer is highlighted in blue. The twist refers to a 90 · change in the C-C-0-C dihedral angle. 
6-31 G(d,p) 6-31++G(d,p) 
HF MP2//HF MP2 IEF-PCM 4EFP 32EFP 
Neutral 0 0 0 0 0 0 
twist 2.6 1.9 1.9 -1.5 -0.6 -3.4 
O+ -212.2 -210.1 -210.6 -261.7 -236.2 -260.3 
N+ -244.9 -241.4 -241.4 -262.6 -225.2 -262.6 
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Figure 3.1. Levamisole gas phase structures at the MP2/6-31 G(d,p) level of theory. 
A. )Levamisole Neutral B.)Levamisole S+ 
C.) Levamisole N2+ D.) Levamisole N1+ 
q 
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Fi~ure 3.2. Methyridine gas phase structures at the MP2/6-31 G(d,p) level of theory. 
The twist refers to a go· change in the C-C-0-C dihedral angle. 
A. ) Methyridine - Neutral B.) Methyridine - Twist 
C. ) Methyridine - N+ D.) Methyridine -0+ 
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Figure 3.3 Nicotine gas phase structures at the MP2/6-31 G(d,p) level of theory. The 
cis/trans refers to the methyl group attached to the nitrogen and its spatial relation to 
the six membered ring 
A.) Nicotine - Neutral 8.) Nicotine - N1 +trans 
C.) Nicotine - N1 + cis D.) Nicotine - N2+ 
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Figure 3.4 Pyrantel gas phase structures at the MP2/6-31 G(d,p) level of theory. 
A.) Pyrantel - Neutral B.) Pyrantel - N2+ 
C.) Pyrantel - N1 + D.) Pyrantel - S+ 
0 
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Figiure 3.5 Levamisole structures at the RHF+PCM/6-31 ++G{d,p) level of theory 
A.)L.evamisole Neutral B.)Levamisole S+ 
C.) Levamisole N2+ D.) Levamisole N1 + 
Figure 3.6 Levamisole with 4 waters. Sampled with MC simulations and then opti-
mized at the HF(HF/EFP1) level of theory. 
A.)Levamisole Neutral B.)Levamisole S+ 
C.) Levamisole N2+ 0.) Levamisole N1 + 
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Figure 3. 7 Levamisole with 32 waters. Sampled with MC simulations and then opti-
mized at the HF(HF/EFP1) level of theory. 
A.)Levamisole Neutral 
C.) Levamisole N2+ 
~ 
) _.ti!/' ~ 
'4! er-I 
~-~ 
~ ( ~ 
r 
B.)Levamisole S+ 
• 
• • 
•• 
D.) Levamisole N1 + 
( 
\_. 
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Figure 3.8 Methyridine structures at the RHF+PCM/6-31 ++G{d,p) level of theory. 
The twist refers to a go· change in the C-C-0-C dihedral angle. 
A.) Methyridine - Neutral B.) Methyridine - Twist 
C.) Methyridine - N+ D.) Methyridine -0+ 
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Figure 3.9 Methyridine with 4 waters. Sampled with MC simulations and then opti-
mized at the HF(HF/EFP1) level of theory. The twist refers to a go· change in the C-
C-0-C dihedral angle. 
A.) Methyridine - Neutral 8.) Methyridine - Twist 
C.)' Methyridine - N+ D.) Methyridine -0+ 
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Figure 3.10 Methyridine with 32 waters. Sampled with MC simulations and then op-
timized at the HF(HF/EFP1) level of theory. The twist refers to a go · change in the C-
C-0-C dihedral angle. 
A. ) Methyridine - Neutral B.) Methyridine - Twist 
• 
CJ 
•• ~ ~ 
~ 
r 
~ 
~ 
C. ) Methyridine - N+ D.) Methyridine -0+ 
\ r 
~ 
• 
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Figure 3.11 Nicotine structures at the RHF+PCM/6-31 ++G(d,p) level of theory. The 
cis/trans refers to the methyl group attached to the nitrogen and it's spatial relation to 
the six membered ring 
A.) Nicotine - Neutral 8.) Nicotine - N1 +trans 
C.) Nicotine - N1 + cis D.) Nicotine - N2+ 
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Figure 3.12 Nicotine with 4 waters. Sampled with MC simulations and then optimized 
at the HF(HF/EFP1) level of theory. The cis/trans refers to the methyl group attached 
to the nitrogen and it's spatial relation to the six membered ring 
A. ) Nicotine - Neutral B.) Nicotine - N1 + 
C.) Nicotine - N1 + cis 
Figure 3.14 Nicotine with 32 waters. Sampled with MC simulations and then opti-
mized at the HF(HF/EFP1) level of theory. The cis/trans refers to the methyl group 
attached to the nitrogen and it's spatial relation to the six membered ring 
A. )' Nicotine - Neutral B.) Nicotine - N1 + 
~ 
_j rr ~ ct 
....._ ~ 
~ 
{ 
• I 
g1 + 
C.) Nicotine - N1 + cis 
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Figure 3.15 Pyrantel structures at the RHF+PCM/6-31++G{d,p) level of theory 
A.) Pyrantel - Neutral 8.) Pyrantel - N2+ 
C.) Pyrantel - N1 + D.) Pyrantel - S+ 
Figure 3.16 Pyrantel with 4 waters. Sampled with MC simulations and then opti-
mized at the HF(HF/EFP1) level of theory. 
A. ) Pyrantel - Neutral 8.) Pyrantel - N2+ 
C.) Pyrantel - N1 + D.) Pyrantel - S+ 
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Figure 3.17 Pyrantel with 32 waters. Sampled with MC simulations and then opti-
mized at the HF(HF/EFP1) level of theory. 
A. ) Pyrantel - Neutral B.) Pyrantel - N2+ 
C.) Pyrantel - N1 + D.) Pyrantel - S+ 
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Figure 3.18 Levamisole molecular electrostatic potential (MEP). Geometry from 
RHF+PCM/6-31 ++G(d,p) 
A.)Levamisole Neutral B.)Levamisole S+ 
C.) Levamisole N2+ D.) Levamisole N1+ 
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Figure 3.19 Methyridine molecular electrostatic potential (MEP) . Geometry from 
RHF+PCM/6-31 ++G(d,p) 
A. ) Methyridine - Neutral B.) Methyridine - Twist 
C.) Methyridine - N+ D.) Methyridine -0+ 
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Figure 3.20 Nicotine molecular electrostatic potential (MEP). Geometry from 
RHF+PCM/6-31 ++G(d,p) 
A.) Nicotine - Neutral B.) Nicotine - N1 +trans 
C.) Nicotine - N1 + cis D.) Nicotine - N2+ 
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Figure 3.21 Pyrantel molecular electrostatic potential (MEP). Geometry from 
RHF+PCM/6-31 ++G{d,p) 
A.) Pyrantel - Neutral B.) Pyrantel - N2+ 
C.) Pyrantel - N1 + D.) Pyrantel - S+ 
102 
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Chapter IV. General Conclusions 
I. General Conclusions 
Solution based chemistry is essential to the basic understanding of biochemistry. The studies 
contained herein have dealt with water solvation of various biologically relevant molecules. 
By examining the systematic microsolvation of alanine the properties associated with 
solution chemistry are elucidated. When examining the micorsolvation it was shown that 
configurational sampling was necessary to capture the broad range of structures seen. The 
monte carlo sampling for both projects allowed the fast sampling of the configurational space 
since the effective fragment potential is an efficient and reliable method to determine the 
structure of the water clusters and solutes. Energy may be further explored with single points 
to verify results but in either case the geometries were well described by quick calculations 
allowed with the effective fragment potential. 
